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 Lactation is an important element of the reproductive strategies of all mammals. 
Being one of the signature characteristics of class Mammalia, the process of lactation is 
a complex phenomenon involving various adaptations such as morphological, 
physiological, biochemical, ecological and behavioral. Evolutionary studies indicate 
that lactation was established prior to the divergence of the extant mammalian lineages. 
However, the precise adaptive pathways by which the mammary gland and lactation 
have gradually developed during evolution are not clearly understood because of the 
absence of living representatives of early lineages and the inadequate fossil evidences 
for mammary gland development and parental care. Having diverged from the Therian 
mammalian lineage about 166-220 million years ago, monotremes represented by extant 
species such as echidna and platypus are often regarded as representatives of ancient 
mammals. This is because they display a very interesting combination of reptilian and 
mammalian characteristics. Following a short gestation, monotremes lay eggs which are 
incubated outside the mother’s body. This is accompanied by a Prototherian lactation 
process during which milk secreted through an abdominal patch, is the only source of 
moisture,  nourishment and protection for the eggs and the subsequent hatchlings. In 
comparison to the preceding phases, the period of suckling is relatively long and 
towards  its end, the young gradually make a transition to the adult diet.  
 The aim of this thesis was to evaluate the monotremes as models to understand 
mammary gland function during the evolution of lactation. In this regard, the existence 
of casein proteins as micellar structures in monotreme milk were identified, which 
clearly demonstrated their early mammalian origin. The milk composition of echidna 
was studied across the lactation period in order to appreciate the role of milk in catering 
to the nutritional demands of the developing young. It was found that the total 
carbohydrates and triglycerides increased towards late lactation, coinciding with the 
period of exit of the young from the burrow. While the observed increase in triglyceride 
concentration may be correlated to the infrequency of suckling, similar  change in 
carbohydrate concentration is predicted to occur to establish the correct gut biota and 
compensate for the decline in total carbohydrate as the weaning young begins to make a 
transition to protein rich foods as part of their insectivore diet. Meanwhile, the total 
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protein profile remained similar throughout lactation, although phase-specific changes 
in whey protein profiles, aimed at providing protection the suckling young were 
observed. 
 In order to get an insight into the nature of the prototherian mammary gland, the 
technology of RNA-seq was employed to decipher the  transcriptome of cells harvested 
from echidna milk. The data established that with most of the genes involved in protein 
synthesis infrastructure, regulation of translation and metabolism of proteins,  the 
pattern majorly reflected the function of mammary epithelial cells during lactation. 
Further, the expression of prominent egg white protein genes portrayed an important 
aspect of prototherian lactation, suggesting that milk in its primitive form was acting in 
a continuum with the egg environment. In addition, comparative analyses of the echidna 
milk cell transcriptome with genes/ proteins of human amniotic fluid revealed the 
expression of important signaling molecules in the former that are speculated to play 
vital roles in the completion of ex utero embryogenesis of the echidna young through 
their secretion into milk. 
 It has been long speculated that the survival of monotreme young  is enhanced 
due to antimicrobial bioactives of cutaneous or mammary gland origin. However, a 
previous study had confirmed the absence of expression of either cathelicidin or 
defensin genes in platypus milk cells, thereby indicating the possibility of existence of 
other bioactive molecules in monotreme milk  that were not previously known. A quest 
to discover one such bioactive led to the identification of EchAMP.  It is a novel, 
monotreme- specific gene, found to be abundantly expressed in echidna milk cells 
during lactation. The peptides belonging to the EchAMP protein were identified in 
echidna milk. Consecutive sequences showing homology to the EchAMP cDNA were 
found in the platypus genome and equivalent RNA was identified in platypus milk cells, 
indicating the presence of its orthologue. Various in silico analyses indicated putative 
antimicrobial potential for the EchAMP protein. This was confirmed when the cognate 
recombinant protein of EchAMP displayed significant antibacterial activity against a 
host of bacteria. Interestingly,  no effect was seen on a harmless gut commensal species.  
These data indicate that EchAMP protein is capable of conferring protection to the 
underdeveloped, immunologically naïve young outside the sterile confines of the uterus, 
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in the harsh pathogen-laden environments. The absence of teats is one of the major 
differences between monotremes and marsupials. The altricial monotreme young is 
more likely to ingest pathogens while suckling compared to any other species. 
Therefore, it is proposed that the evolution of nipples and development of offspring in 
utero in the placental mammals (Metatherian and Eutherian) could have led to the loss 
of selective pressure for the preservation of EchAMP gene and hence its subsequent 
disappearance in these species. 
 Taken together, the work performed in this thesis have demonstrated 
monotremes to be legitimate models to understand the evolution of mammary gland 
function and in turn, the process of lactation. The transition from oviparity to viviparity 
with respect to the evolution of milk has been clearly captured by the monotremes. 
Their unique reproductive strategy allows for the appreciation of diverse roles of milk, 
which could be less apparent in eutherians. The results have set the stage for further 
investigations to better unravel the functions of milk in the development and protection 
of both mother and infant by using different technology platforms like genomics, 
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Chapter 1  
General Introduction







 Lactation is one of the signature characteristics of mammals wherein the mother 
nourishes the young by secreting a unique nutrient-rich fluid, the milk from her 
mammary gland. The ability to lactate allows mothers to collect nutrients and deposit 
them in their tissues as maternal stores at one time and location, only to provide these 
nutrients as milk to their young at a later time and/or location. Thus, it is through 
lactation that nutrients that are both distant in time and space, reach the young via the 
mother. The very naming of the class Mammalia by Linnaeus in 1758 (Linnaeus 1758) 
emphasizes lactation as the dominant characteristic for the identification of mammals, 
despite the existence of other anatomic features. This preference reflects the 
fundamental influence that lactation has during early life on all mammals and there is 
ample evidence that lactation has developed as a very effective and adaptable means of 
postnatal nutrient provision among vertebrates during the course of evolution 
(Blackburn 1993). 
 Milk production is an essential element of the reproductive strategy of all 
mammals. Many mammals feed on specialized diets that would be too difficult for 
small offspring to procure and/or to digest, or that might fail to cover all the nutrient 
needs of rapidly growing young if milk was not available (Pond 1977). The dependency 
on milk provides the offspring with a highly digestible, nutritionally balanced, and 
variably concentrated food and this has enabled mammals to evolve a wide range of 
developmental and reproductive strategies. Apart from the roles of nourishment 
provided by milk, its protective attributes have been described time and again. 
According to a hypothesis originally proposed by Hayssen and Blackburn, during the 
evolution of lactation, the nutritional value of milk evolved subsequently to its 
immunological function (Hayssen and Blackburn 1985). Of late, the multiple facets of 
milk  beyond straightforward nutritional function, such as those involved in the
Chapter 1  General Introduction 
3 
 
 regulation of the mother’s mammary gland and in the protection and development of 
the young are becoming more apparent, especially through studies of lactation in 
mammals with extreme adaptations of the lactation system, such as the marsupials and 
fur seals (Kuruppath, Bisana et al. 2012).  
 
1.1.1  Lactation Diversity 
 Since the appearance of mammals on earth over 300 million years ago, the 
processes of evolution and species divergence have resulted in the multitude of extant 
species currently found. Modern mammals comprise 28 orders of some 4800 species 
that range in specialization and dimensions from the shrews to the whales, from 
completely marine through terrestrial to fully volant (Wilson 2005). Based on 
differential reproductive strategies, the class Mammalia is divided into two subclasses: 
the Prototheria (comprised of the monotremes) and Theria.  Marsupials and Eutherians 
are infraclasses that belong to the subclass Theria. Monotremes and marsupials 
represent less than 10% of the total mammalian species while the majority of mammals 
are grouped under the subclass Eutheria (Hickman, Roberts et al. 2006). 
 
1.2 EUTHERIANS 
 Eutheria is the most taxonomically diverse of the two sub-classes of mammals 
and comprises over 95% of all mammalian species. Arguably, eutherians occupy one of 
the widest arrays of environments of any comparable group of vertebrates. Three major 
factors have played a role in their considerable ecological diversity: the mode of 
reproduction, level of metabolism and an ancestral, generalized quadrupedal stance 
(Archibald 2001).  
 
 1.2.1  Lactation in eutherians  
 The mode of reproduction in eutherians is euviviparity, i.e., the embryos 
undergo considerable in utero development, with all support and sustenance coming 
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from the mother through the chorioallantoic placenta. This condition in turn allows the 
mother to continue normal activities while pregnant. Following the birth of the live 
young, the mothers typically secrete a milk of constant composition throughout 
lactation, specific to that species. Further, lactation length has been found to vary from 
4- 5 days in some earless seals (phocids), rodents and elephant shrews to over 900 days 
in primates such as the chimpanzees and orangutans. In general, lactation length has 
been correlated with female body mass, but phylogenetic constraints are equally 
important (Hayssen 1993), with earless seals (phocids) and baleen whales being 
exceptions. Phocids are attributed with shortest yet copious lactation owing to their 
adaptation to breeding on unpredictable and short-lived ice floes while baleen whales 
have an average lactation period of 0.5-1 year following a pregnancy of 1.2 years, 
which is disproportionately small when compared to its huge body mass (Oftedal 1993). 
Notably, a wide range of lactation strategies have been employed by eutherians because 
the placental evolution has freed lactation from the constraints of nourishing extremely 
altricial offspring (Oftedal 2013).  
 
 1.2.2  The eutherian mammary gland 
 The mammary gland is different from most vertebrate organs that are patterned 
during embryogenesis and maintain their basic structure throughout adult life. In males, 
it is present in a rudimentary and generally non-functional form while in females, it is a 
highly dynamic organ that undergoes dramatic morphogenetic changes during puberty, 
pregnancy, lactation and involution. Most of the current knowledge on the mammary 
gland has been gathered from eutherian species. Especially, experimental animals such 
as rodents and species of economic importance such as ruminants have been extensively 
studied (Capuco and Akers 1999; Hovey, Trott et al. 2002; Green and Streuli 2004; 
Brisken and Rajaram 2006). 
 
  1.2.2.1  Mouse 
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  Mammary gland development has been best characterized in the mouse 
model (Veltmaat, Mailleux et al. 2003; Cowin and Wysolmerski 2010). Rodents have 
10 mammary glands located on their abdomen and their development can be traced to 
proceed in distinct phases, as reviewed by Kaimala et. al. (Kaimala, Bisana et al. 2012). 
During embryonic stages, there occurs the formation of bilateral milk lines and 
mammary buds form at specific locations along the mammary line. Each bud penetrates 
the underlying mesenchyme and enters the cluster of pre- adipocytes that become the 
mammary fat pad. A limited number of branches sprout from the invading anlage and 
this forms the rudimentary ductal tree that is present at the time of birth (Figure 1.1) 
(Robinson, Karpf et al. 1999; Veltmaat, Mailleux et al. 2003). Each branch is composed 
of single layer of epithelial cells that surround a central lumen; the cells bordering the 
lumen are called the luminal epithelial cells. The myoepithelial cells form a basal layer 
beneath the epithelial cells (Richert, Schwertfeger et al. 2000) and are contractile in 
nature, responsible for the secretion of milk from the alveoli and its movement down 
the ducts during lactation (Asch and Asch 1985; Dulbecco, Allen et al. 1986; 
Richardson 2009). With the onset of puberty, the hormonal and local cues induce the 
anlage to respond rapidly and establish a ductal network. The ducts lengthen and branch 
to form secondary and tertiary ducts  which occurs through the formation of terminal 
end buds (TEBs) at the tips of the ducts and their bifurcations. This continues until the 
entire fat pad of the young adult is filled by an extensive system of branched ducts. The 
primary duct is large and consists of a layer of epithelial cells surrounded by a thick 
layer of dense stroma, whereas the secondary and tertiary ducts are composed of a 
single layer of cuboidal epithelial cells surrounding a central lumen (Sekhri, Pitelka et 
al. 1967). The TEBs are composed of multiple layers of epithelium with an outer layer 
of undifferentiated, pluripotent stem cells called cap cells that sit on the basal lamina 
(Williams and Daniel 1983; Richert, Schwertfeger et al. 2000). With the onset of 
pregnancy, instigated by an increase in serum prolactin and progesterone, the ducts 
branch laterally and form side branches with concomitant epithelial proliferation 
(Brisken 2002; Oakes, Hilton et al. 2006). Alveolar structures, composed of a single 
layer of epithelial cells enveloping a circular hollow centre, form on the expanded 
ductal tree and differentiate into lobular alveoli (Richert, Schwertfeger et al. 2000). At 
around the time of parturition, the lobular alveoli differentiate into secretory epithelium, 
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ready to synthesize and secrete milk for the suckling pups upon parturition (Nguyen, 
Parlow et al. 2001). At this stage, the mammary gland would be almost filled by the 
expanded epithelium and the large fat cells would have dedifferentiated into smaller 
pre-adipocytes. Upon involution, the secretory epithelium undergoes apoptosis, the fat 
cells redifferentiate and the gland remodels back to a state to resemble that of an adult 
virgin mouse (Lund, Romer et al. 1996; Watson 2006).  
 
Figure 1.1: Overview of embryonic mouse mammary gland development 
The development of mammary gland begins with the formation of bilateral milk lines on day 10 
of gestation. Within 24-36 hours of its formation, the mammary line resolves into five pairs of 
placodes (three thoracic and two inguinal) in characteristic locations along the ventral-lateral 
border of embryo. By embryonic day 14, each placode expands and invaginates into the 
underlying mesenchyme to form a mammary bud. With the onset of  ductal branching 
morphogenesis on E16, each bud penetrates the underlying mesenchyme and enters the cluster 
of pre-adipocytes that become the mammary fat pad. A limited number of branches sprout from 
the invading anlage and this forms the rudimentary ductal tree that is present at the time of birth. 
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  1.2.2.2  Cow 
   
  In agriculture, an important sector is represented by milk production in 
which many ruminant species are used for the production of milk and dairy products. 
The mammary glands in ruminants are located in the udder, a complex organ made up 
of a series of systems which include a supportive system, a secretory system composed 
of epithelial cells, a duct system for storage and conveyance of milk, blood, lymph and 
nervous systems. In cow, the udder consists of four separate mammary glands (also 
called as quarters) and each gland has one teat with one opening (Ferreira, Bislev et al. 
2013). Mammary gland development in the cow is similar to that of the mouse. During 
embryonic stages, the mammary line forms at about 5 weeks and two mammary 
placodes form per mammary line at 5.5 weeks. This is followed by the development of 
sunken mammary buds surrounded by mammary mesenchyme  by seven weeks. After a 
lengthy quiescent period, a single primary sprout appears from each bulb at about 12 
weeks but no secondary sprouts are formed. Branching is known to occur at the distal 
end of the primary sprout at approximately 13 weeks, and around the same time, the 
primary sprout begins to canalize initiating such specialized structures as the streak 
canal, teat cistern and gland cistern. About 8-12 large ducts empty into the gland 
cistern. However, from a developmental perspective, these are branches of one 
mammary tree. The teat forms by epithelial proliferation, but differently than nipples in 
mice (Anderson 1978). At birth, the bovine mammary parenchyma consists of a 
rudimentary ductal network connected to a small cisternal cavity that connects to the 
teat cistern and ultimately communicates with the teat meatus (Capuco and Ellis 2005). 
The prepubertal mammary ducts develop as compact, highly arborescent structures 
within loose connective tissue which is accomplished through co-ordinated growth, 
branching and extension of terminal ductal units (TDU) and growth of the loose 
connective tissue that surrounds the TDU as it invades the mammary fat pad. During 
gestation, extensive  changes occur with exponential mammary growth driven by the 
hormones of pregnancy. The epithelial growth during pregnancy gives rise to more 
extensive ductule branching. Moreover, the development of alveoli occurs by 
proliferation followed by differentiation of cells within the distal termini of ductules. At 
the end of lactation, the mammary gland undergoes involution which corresponds to a 
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regression of the secretory tissue, a reduction in the alveolar size and a loss of 
mammary epithelial cells (Capuco and Ellis 2005; Yart, Lollivier et al. 2013). 
 
  1.2.2.3  Human 
  
  In humans, the life cycle of the female mammary gland is epitomized by 
drastic changes in composition, architecture and functionality that characterize its 
physiological stages of development, all of which are aimed at allowing it to perform its 
function as a milk-producing organ with the birth of the infant. The embryonic 
development of the breast is initiated by six weeks of gestation with the formation of an 
elevated mammary line extending from the groin to the maxilla on the anterior surface 
of the embryo. The entire ridge apart from the pectoral region regresses to form the 
mammary gland. Between weeks 7 and 8 of gestation, the mammary crest is formed 
with the mammary parenchyma invading the stroma, thereby forming an elevated 
portion. This is followed by the formation of mammary epithelial buds between 10-12 
weeks of gestation and this phase marks the commencement of distinct differentiation 
patterns. The appearance of the mammary buds does not change significantly until 
weeks 13-20, when a depression is formed at the surface of the buds, resulting in 
secondary bud formation and branching. At around 20 weeks gestation, secondary buds 
appear as 15-25 solid cords which grow into the stromal tissue reaching the 
subcutaneous tissue below the mesenchyme (Hovey, Trott et al. 2002; Russo and Russo 
2004). By 32 weeks gestation, branching and canalization of the cords results in the 
formation of monolayered primary milk ducts. In the final eight weeks of gestation, the 
periductal stroma increases in density along with limited amount of lobulo-alveolar 
development (Naccarato, Viacava et al. 2000). The breast of a newborn consists of 
rudimentary ducts that regress soon after birth. Until early childhood, the mammary 
gland remains at an immature resting state with minimal further development. However, 
with the onset of puberty, there is rapid breast growth mainly due to increased 
deposition of adipose tissue within the gland that is driven by ovulation and the 
establishment of regular menstrual cycles. Other changes include the elongation of 
existing ducts and branching into secondary dusts at the termini of which bi-layered 
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epithelial buds appear and form clusters called lobules (Russo and Russo 2004). 
Typically, a mammary mini-remodeling occurs at each menstrual cycle but the gland 
does not fully regress at the end of each cycle. During pregnancy, there is de novo 
synthesis of new ducts due to the activity of mammary gland stem cells and their 
progenitors,  along with elongation of the existing ducts via mitotic activity in the 
terminal end bud, extensive epithelial branching, and formation and expansion of 
spherical structures called alveoli at the terminal buds (mammogenesis). Each alveolus 
consists of a basal mesh-like layer of myoepithelial cells surrounding an epithelial cell 
layer that encapsulates the alveolar lumen (Russo and Russo 2004). In the second 
trimester of pregnancy and following the expansion phase (alveolar development/ 
mammogenesis), gradual increases in prolactin levels stimulate cellular differentiation 
at the alveolar sites, where mammary epithelial cells of the luminal layer further 
differentiate into lactocytes (Czank, Henderson et al. 2007). This secretory 
differentiation (termed as Lactogenesis I) occurs around 24 weeks gestation and is often 
accompanied by accumulation of first secretion (colostrum) within the alveoli and 
ducts. Secretory activation typically occurs 48-72 hrs after parturition and allows a 
rapid up-regulation of milk synthesis (Czank, Henderson et al. 2007; Pang and 
Hartmann 2007). During the course of lactation, concurrent regeneration and 
differentiation of the lactating epithelium and dynamic maintenance and turnover of the 
secretory tissue occurs. Cessation or significant reduction (weaning) of milk removal 
from the breast results in post-lactational involution, during which occurs the transition 
of the mammary gland to a resting non-lactating state (Hassiotou and Geddes 2013).  
 
 1.2.3  Lactogenesis 
  
 Lactogenesis is the onset of milk secretion and includes all the changes whereby 
the mammary epithelial cells are converted from a non-secretory state to a secretory 
state. Basically, the mammary epithelium undergoes a transition from the 
undifferentiated stage in early pregnancy to full lactation sometime after parturition. 
Lactogenesis has been recognized to have two stages: Stage I and Stage II (Hartmann 
1973; Fleet, Goode et al. 1975). Accordingly, Stage I occurs during pregnancy when the 
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gland becomes sufficiently differentiated to secrete small quantities of specific milk 
components such as casein and lactose. Once this stage is set in, the gland is sufficiently 
differentiated to secrete milk, but secretion is checked by high circulating 
concentrations of progesterone and possibly, by estrogen in species such as humans. 
This stage coincides with the formation of colostrum and immunoglobulin uptake 
(Neville, Morton et al. 2001). In mouse, α-casein and WAP (whey acidic protein) gene 
expression has been reported during this stage (Brisken and Rajaram 2006). 
Morphologically, this stage can be distinguished by the development of cytoplasmic 
lipid droplets in the mammary epithelium (Neville, McFadden et al. 2002). Stage II of 
lactogenesis occurs around parturition and is characterized by a series of processes that 
lead to the secretion of colostrum and then milk. There is a significant increase in the 
expression of all milk protein genes, closure of tight junctions between alveolar cells 
and the movement of cytoplasmic lipid droplets and casein micelles into the alveolar 
lumina (Neville, McFadden et al. 2002). In many species such as the cow, goats and 
rats, Stage II begins before birth of the young and is brought about by the sharp 
decrease in plasma progesterone that also initiates parturition (Neville, Morton et al. 
2001). As suckling begins, there is an increase in the expression of most of the genes 
involved in milk secretion. Further, once lactation is established, it is referred to as 
galactopoiesis, and removal of milk from the mammary gland is necessary to maintain 
this (Brisken and Rajaram 2006). 
 
1.3 METATHERIANS 
 The sub-class Methatheria, with its single order Marsupialia, have a strikingly 
different reproductive strategy and lactation cycle as compared to that of Eutheria 
(Oftedal and Iverson 1995; Nicholas, Simpson et al. 1997). They represent a 160-
million-year-old isolate from the more numerous eutherians and this makes them 
particularly valuable for studies on comparative analysis of lactation that enlarge and 
enhance our understanding of the function and evolution of the mammary gland. Like 
eutherians, marsupials also have a placenta but of considerably different structure, i.e., 
the two extraembryonic structures, the yolk sac and the chorion fuse through part of 
their extent to form the choriovitelline placenta (Archibald 2001). Although marsupials 
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today do not have as many species as do the placental mammals, they are quite 
structurally diverse, ranging from small four-footed forms like the marsupial mole, 
Notoryctes, to the large biped kangaroos. The tammar wallaby is the marsupial model 
of choice since there is a large body of information describing reproduction in this 
species. 
 
 1.3.1  Lactation in marsupials 
 Marsupials have a short gestation period towards the end of which they give 
birth to an altricial newborn. The latter is totally dependent on milk for growth and 
development during a relatively long lactation period. The newborn marsupial remains 
attached to the teat for a period of time after birth and this relationship resembles the 
attachment of eutherian fetus to the mother’s placenta by the umbilical cord (Nicholas, 
Simpson et al. 1997). The lactation cycle in tammar wallaby consists of a 26-day 
pregnancy (phase 1) and three post-parturition phases (2A, 2B and 3) during which 
there is significant remodelling of the mother‘s mammary gland, changes in milk 
composition, and development of the altricial neonate to a more adult-like morphology 
at weaning (Figure 1.2) (Brennan, Sharp et al. 2007; Sharp, Digby et al. 2009). Phase 2A 
lasts up to 110 days postpartum during which the neonate is permanently attached to the 
teat and suckles milk which is low in protein and fat but high in carbohydrates 
(Nicholas 1988; Nicholas, Simpson et al. 1997). During this time the suckled pouch 
young is not immune-competent and relies on bioactives in milk, and potentially in 
pouch secretions, for protection from infection. Phase 2B consists of days 100-200 post-
partum when the pouch young detaches from the teat but remains in the pouch and 
suckles less frequently. Phase 3 commences approximately 200 days post-partum as the 
young begins to leave the pouch and is characterised by secretion of high volumes of 
milk with elevated levels of protein and lipid and a low concentration of carbohydrates 
(Nicholas 1988; Nicholas, Simpson et al. 1997). Development of the respiratory, cardio-
vascular and adaptive immune systems in the tammar neonate occurs during lactation 
and therefore the milk must provide bioactives for immediate nutritional and 
immunological demands and to act as signals for development (Basden, Cooper et al. 
1997).  
Chapter 1  General Introduction 
12 
 
 The first phase of lactation in tammar wallaby which involves the preparation of 
the mammary gland during pregnancy is considered equivalent to Lactogenesis Stage I 
of eutherians (Cowie, Forsyth et al. 1980). The phase 2 which is characterized by low 
milk production and slow growth of the young while it either remains permanently 
attached to the teat, or relinquishes the teat but remains in the pouch has no equivalent 
in eutherian lactation (Tyndale-Biscoe and Janssens 1988). Again, phase 3 of lactation 
during which maintenance of an increased milk production occurs as the young exits the 
pouch and grows rapidly during the subsequent phases before weaning is considered 
equivalent to the galactopoiesis stage of eutherians (Tyndale-Biscoe and Janssens 
1988).   
 
Figure 1.2: The lactation cycle of tammar wallaby 
(a) Development of the pouch young from day 6 to day 220 of age. (b) The four phases of 
lactation cycle characterized by changes in milk composition and the suckling pattern of the 
pouch young. (c) Expression of major milk protein genes during the lactation cycle. The α- 
casein, β-casein, α-lactalbumin and β-lactoglobulin genes are induced at parturition and 
expressed throughout the entire lactation. The genes for (ELP) Early Lactation Protein, WAP 
(Whey Acidic Protein) and the LLPs (Late Lactation proteins A and B) are expressed only 
during specific phases of the lactation cycle. Sourced from Brennan et al. (2007).  
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 The tammar wallaby exhibits another exciting and unique mechanism called 
concurrent asynchronous lactation (CAL) whereby a new born pouch young and an 
older animal out of the pouch, each receive milk of different compositions from 
adjacent mammary glands simultaneously. One large gland with distended alveoli 
secretes mature milk for the young at-heel, while the other gland secretes early-stage 
milk for the neonate (Figure 1.3). This suggests that the two mammary glands function 
independently and each gland is controlled locally (Nicholas 1988). Concurrent 
asynchronous lactation represents one of the most complex forms of lactation known in 
any mammal (Tyndale-Biscoe, Renfree et al. 1987).  
 
Figure 1.3: Concurrent asynchronous lactation 
A 6- day old young is attached to a teat from a mammary gland secreting phase 2A milk. An 
older animal at approximately 275 days of age has exited the pouch and sucks from the 
elongated teat which  provides phase 3-milk from an enlarged mammary gland. Sourced from 
Brennan et al. (2007).  
 
 1.3.2  The marsupial mammary gland 
 With respect to the embryonic development of the mammary gland in 
marsupials, until recently it was thought that the teats do not differentiate from a 
mammary line as in eutherians, but each begins as a separate anlage, the number 
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varying from 2 to 25 in concordance with the adult teat number for the species 
(Tyndale-Biscoe, Renfree et al. 1987). However, mammary lines have been observed in 
the intrauterine embryos of opossum (Oftedal and Dhouailly 2013). In some marsupial 
taxa, prior to the development of cranial anlagen, caudal mammary anlagen begins as a 
local proliferation and the consequent thickening of the epidermis in the presumptive 
pouch region and down-growths of epidermal cells into the subdermal tissue form 
mammary hair follicles and associated glands. At the periphery of each anlage the 
glands become sebaceous, whilst the centrally located glands develop into the primordia 
of the mammary gland (Bresslau and Hill 1920). Initially they are solid cords, but 
become tubular and form the ducts and acini as maturation progresses. At this point in 
development, the mammary glands consist of a few branching ducts without alveoli and 
the teats are inverted (Tyndale-Biscoe, Renfree et al. 1987). Eversion of the teats and 
shedding of mammary hairs indicates the beginning of sexual maturation (Bresslau and 
Hill 1920). During the first half of pregnancy, the mammary gland undergoes major 
developments. In tammar wallaby,  lobular pattern of development is apparent by day 
10 of pregnancy, characterized by clusters of alveoli that surround the central bilaminar 
ducts. The structure is well defined by day 15 of pregnancy. The alveoli have small 
lumens lined by a single layer of cuboidal epithelial cells. At the end of pregnancy,  
mammary secretions are present in the lumens of some alveoli, tubules are grouped into 
lobules surrounded by connective tissue and myoepithelial cells, and striated fibres of 
muscle penetrate to half the thickness of the glands (Findlay 1982). Interestingly after 
parturition, only the glands that the young chooses to attach become enlarged and 
lactate, while the other glands quickly regress to a quiescent state (Sharman 1962; 
Stewart 1984). Further, the marked change in the growth of the mammary gland 
observed during the second half of lactation coincides with changes in the constituents 
and volume of the milk secreted (Tyndale-Biscoe, Renfree et al. 1987).  
 
1.4 THE MILK CONSTITUENTS 
 Despite differences between species and mammalian sub-classes in terms of 
quantity, regulation, and combination of milk constituents, studies indicate that different 
milks exhibit a number of common features such as the caseins, some whey proteins, 
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inclusion of lipid globules that consist largely of triacylglycerols and carbohydrates. 
Apart from these, milk is known to have a cellular component comprising of various 
types of immune and epithelial cells.  The following section reviews the various 
constituents present in eutherian and marsupial milk. 
 During the first few days postpartum, the mother produces colostrum-an early 
form of milk required for nutrition and protection against infection by the young while 
its immune system is still developing. It is low in carbohydrate and fat, and high in 
protein and antibodies (Przybylska, Albera et al. 2007). The importance of colostrum in 
providing protection against bacterial infection was highlighted in 1922 by Smith et. al., 
who showed that a calf deprived of colostrum lacks ‘something’ which allowed 
intestinal bacteria to invade the body and multiple in various organs (Smith and Little 
1922). Allied work later showed that colostrum, as a form of passive immunization 
contains a greater concentration of antibodies than mature milk (Little and Orcutt 1922; 
Orcutt and Howe 1922). 
 It is interesting to note that most species display variations in milk constituents 
(Table 1.1) (Webb, Johnson et al. 1974; Oftedal and Iverson 1995; Neville and Picciano 
1997). Such a specific composition of milk produced by a species has been postulated 
to have been selected for on the basis of the immunological, thermoregulatory, 
osmoregulatory or nutritive needs of the young (Payne and Wheeler 1968; Oftedal and 
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Table 1.1: Composition of milk in different eutherian species (per 100g fresh milk). 
 Sourced from Webb et.al. (1974). 
Species Protein (g) Fat (g) Carbohydrate (g) Energy (kcal) 
Mouse 9.0 13.1 3.0 171 
Monkey 1.6 4.0 7.0 73 
Goat 2.9 3.8 4.7 67 
Cow 3.2 3.7 4.6 66 
Water buffalo 4.1 9.0 4.8 118 
Donkey 1.9 0.6 6.1 38 
Human 1.1 4.2 7.0 72 
Elephant 4.0 5.0 5.3 85 
Whale 10.9 42.3 1.3 443 
Seal 10.2 49.4 0.1 502 
 
 1.4.1  Milk fat 
 
 The fat content in eutherian milk is the most variable component between 
species and it varies from 0.2% in black rhinoceros to 60% in some species of Phocid 
seals (Jenness 1995) (Table 1.1). Many studies have reported that diet affects the fat 
composition of milk while the total fat content remains more constant within species 
(Dils 1986; Smit, Martini et al. 2002). It is also known that high fat diets have a 
negative effect on milk content (Palmquist, Beaulieu et al. 1993), while starvation alters 
milk secretion in many species (Williamson 1990). However, some species like the true 
seals and baleen whales that fast entirely during lactation are adapted to mobilize large 
body stores of lipids for milk synthesis and in general secrete milks that are rich in fat 
and low in carbohydrate (Oftedal 1993; Iverson, Hamosh et al. 1995). This is known to 
be an adaptation for fasting strategy of lactation that conserves gluocogenic substrates 
in the mother (Neville and Picciano 1997). In tammar wallaby,  major quantitative and 
qualitative changes in the milk lipids occur during lactation. The triglyceride fraction of 
the lipid at early stages of lactation contains a large amount of palmitic acid and 
relatively little oleic acid whereas mature milk exhibits little palmitic and much oleic 
acid (Green, Griffiths et al. 1983).  
 Milk fat is the major source of lipid that is used by the mammalian newborn for 
the accumulation of body adipose tissue (Mepham 1983). Further, milk fat is an 
important source of energy, fat- soluble nutrients and bioactive lipids for mammals and 
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include triacylglycerols, diacylglycerols, saturated and unsaturated fatty acids and 
phospholipids (German, Dillard et al. 2002). Triacylglycerols which are composed of 
three fatty acids covalently linked to a glycerol moiety by ester bonds comprise the 
major lipid component of milk fat (about 98%) (Mepham 1983). The fatty acids in milk 
are derived from two sources: de novo synthesis in the mammary gland and from the 
plasma lipids (Mepham 1983; Mather and Keenan 1998). Milk lipids have been 
attributed to posses anticancer, antimicrobial, anti-inflammatory and immunosupressive 
properties (German and Dillard 2006).  
 
 1.4.2  Protein  
 
 Milk protein varies considerably among species, although not as much as milk 
fat (Table 1.1).  Most of the milk proteins  (80-90% depending on species) are 
synthesized in the mammary epithelial cells, transported through the secretory pathway, 
packed into secretory vesicles and released by the process of exocytosis (Franke, Luder 
et al. 1976; Burgoyne and Duncan 1998). Caseins and whey proteins comprise the two 
major groups of milk proteins.  
 
  1.4.2.1  Caseins 
 
  Caseins are the major milk proteins of mammals and are the main source 
of amino acids, calcium and phosphate for the suckling young. The casein  gene family 
consists of five genes and not all species posses the entire complement.  The expression 
levels are also known to vary (Ginger and Grigor 1999). The casein genes are of two 
types: the ‘Calcium-sensitive’ caseins α- s1 (CSN1S1 or Csna), β- (CSN2 or Csnb) and 
α-s2 (CSN2S2, A and B, or Csng and Csnd) and the ‘Calcium- insensitive’, physically 
and functionally linked κ-casein (CSN3 or Csnk) gene (Rijnkels 2002). Mouse milk 
contains α, β, J, G and κ-caseins; bovine milk contains α-s1, α-s2A, α-s2B,  β and κ- 
caseins while human milk contains α-s1, β, α-s2A and κ-caseins (Rijnkels 2002). 
Marsupial genomes are known to have one copy each of CSN1, CSN2 and CSN3, and 
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interestingly, their CSN2 is longer than those of other mammals suggesting a 
compensatory strategy for the absence of a third casein homolog (Lefevre, Digby et al. 
2007). Further, the amount of casein found in the milk of the tammar wallaby is seen to 
increase as lactation progresses and this is due to increasing amounts of β-casein while 
α-casein remains largely constant (Horne, Anema et al. 2007). In milk, the caseins, 
together with the essential ingredient of calcium phosphate (De Kruif and Holt 2003) 
form aggregates of several thousand individual protein molecules with average 
diameters of 150-200 nm, known as casein micelles (De Kruif 1998). Such micelles 
have been observed in the milk of tammar wallaby also, indicating that the strategy pre-
dates the genetic events that led to the familial split between marsupials and eutherian 
species (Horne, Anema et al. 2007).  
    
  1.4.2.2  Whey proteins 
 
  In contrast to the limited number of casein proteins, the whey fraction of 
milk constitutes a significant number of proteins including β-lactoglobulin (BLG), α-
lactalbumin (LALBA), whey acidic protein (WAP), lactoferrin (LF), immunoglobulins 
and serum albumin. While some of these proteins such as BLG, LALBA and WAP are 
only synthesized in the mammary secretory cell, the others, such as serum albumin, 
immunoglobulins and transferrin (TF) are transferred from the blood (Jordan and 
Morgan 1970).  
  
   1.4.2.2.1  β-Lactoglobulin 
 
   β-lactoglobulin is the major whey protein in the milk of 
ruminants (Kontopidis, Holt et al. 2004) and a significant component of marsupial milk 
(Nicholas, Simpson et al. 1997). It is not present in either rodent, rabbit or human milk 
(Mercier and Vilotte 1993; Kontopidis, Holt et al. 2004). Homologues of BLG have 
been found in milk of horse, dog, cat and fur seal (Godovac-Zimmermann 1988; Sharp, 
Cane et al. 2005). BLG is a member of lipocalin superfamily (Flower 1996) and it has 
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been reported to bind to several hydrophobic molecules such as Vitamin A and fatty 
acids, thereby suggesting a role in their transportation (Kontopidis, Holt et al. 2004). 
BLG is also known to be an important source of biologically active peptides. These 
peptides may be inactive within the sequence precursor of BLG protein but are released 
due to an in vivo or in vitro enzymatic proteolysis process. Once released, these peptides 
are attributed with antioxidant and antimicrobial activities (Hernandez-Ledesma, Recio 
et al. 2008).  
 
 BLG exhibits a temporal expression profile with expression detected from early 
to mid- pregnancy and this pattern is generally similar between species such as pig 
(Shamay, Pursel et al. 1992; Dodd, Forsyth et al. 1994), sheep (Osborne, Howell et al. 
1995) and cow (Hartmann 1973; Hurley and Rejman 1986). In tammar wallaby, the 
expression of BLG gene coincides with parturition and the simultaneous upregulation of 
the β-casein and LALBA genes (Nicholas, Simpson et al. 1997).  
 
  
   1.4.2.2.2  α-Lactalbumin 
 
   α-Lactalbumin (LALBA) constitutes about 2% of whey fraction 
in majority of species. The protein is  detected in milk of most species examined  and is 
secreted at a steady state levels throughout lactation (Kim and Jimenez-Flores 1994). 
The cognate gene is highly conserved across species, although it shows more 
divergence in rodents than in primates (Qasba and Kumar 1997). However, fur seal is 
an exception where the gene is poorly expressed and the transcripts fail to get translated 
(Sharp, Lefevre et al. 2008). The LALBA gene is upregulated towards the end of 
gestation, just before parturition (Robinson, McKnight et al. 1995; Nicholas, Simpson et 
al. 1997). LALBA is a component of the lactose synthetase complex that uses glucose 
and UDP- galactose as substrates for the synthesis of lactose in the Golgi complexes of 
mammary epithelial cells (Messer and Elliott 1987). Multimeric alpha-lactalbumin  
have been shown to have killed all transformed, embryonic, and lymphoid cells tested 
but spared mature epithelial cells by a mechanism that resembles apoptosis (Hakansson, 
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Zhivotovsky et al. 1995). Bovine LALBA is reported to have demonstrated apoptotic 
effect on primary seal mammary epithelial cells (Sharp, Lefevre et al. 2008). Similar 
effect was seen when chemical preparations of bovine LALBA were used on IEC-6 cell 
line, a non-transformed crypt cell line derived from the rat small intestine (Xu, Sugiura 
et al. 2005). In addition, antimicrobial peptides have been derived from LALBA which 
exhibited activity on Gram positive bacteria (Pellegrini, Thomas et al. 1999).  
  
 
   1.4.2.2.3  Lysozyme 
 
   Lysozyme is a naturally occurring antimicrobial enzyme found in 
various body fluids such as the tears, saliva, and milk of all mammals. The enzyme 
lyses a specific link in the peptidoglycan layer of bacterial cell walls, resulting in cell 
lysis (Masschalck and Michiels 2003).  Lysozyme is structurally related to LALBA and 
the proteins share 40% identity. It is an ancient protein whose origin goes back an 
estimated 400-600 million years (Qasba and Kumar 1997). Human milk contains 400 
μg/mL lysozyme, while cow and goat milk contain 3,000 (0.13 μg/mL) and 1,600 (0.25 
μg/mL) times less lysozyme, respectively (Chandan, Parry Jr et al. 1968). In brushtail 
possum, lysozyme is secreted throughout lactation, but the expression is highest during 
the period in which the pouch young is permanently attached to the teat (Piotte, 
Marshall et al. 1997).  
 
   1.4.2.2.4  Whey acidic protein 
 
   Whey acidic protein was first identified in 1980s as a major whey 
protein in rodent milk and later was found to be expressed during lactation in a wide 
range of species such as rat, camel, rabbit, pig, tammar wallaby and brushtail possum 
(Demmer, Stasiuk et al. 2001). However, WAP is not found in all eutherian milk and is 
absent in the milk of cows, sheep and humans due to the pseudogenization of the 
cognate gene (Hajjoubi, Rival-Gervier et al. 2006). The temporal expression of WAP 
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gene in the mouse, rabbit and pig is confined to late pregnancy and lactation (Simpson, 
Bird et al. 1998; Simpson and Nicholas 2002). In mouse, while β-casein  gene 
expression is first detected around days 10-12 of pregnancy, WAP gene expression is 
first seen around days 14-15 (Pittius, Sankaran et al. 1988).  In tammar wallaby, WAP 
gene expression is seen only during a specific phase in mid-lactation, correlating with 
striking changes in the development of the pouch young as it establishes homeothermy 
and completes fur development. Its expression is down-regulated during peak lactation 
and this coincides with the exit of the young from the pouch, having reached 
physiological maturity (Nicholas, Simpson et al. 1997). While in tammar wallaby, 
down-regulation of WAP gene is associated with an increase in mammary gland growth, 
contrastingly the same is associated with weaning and involution of the mammary gland 
in mouse (Li, Hu et al. 1996). Despite significant research focus on WAP, a precise 
function(s) is yet to be established, although a number of lines of evidence suggest 
multiple roles. WAP has been shown to be involved in regulating the terminal 
differentiation of mammary epithelial cells (Burdon, Wall et al. 1991; Shamay, Pursel et 
al. 1992). Further, studies in WAP knockout mice demonstrated that the expression of 
the WAP gene is not required for alveolar specification and functional differentiation 
and is dispensable to maintain the stability of secretory proteins in the milk. However in 
the same study, the pups failed to thrive in the second half of lactation suggesting that 
WAP may be essential for the adequate nourishment of the growing young (Triplett, 
Sakamoto et al. 2005). Since WAP proteins have been classed as protease inhibitors due 
to their homology with several families of protease and ATPase inhibitors that share a 
conserved domain called the ‘four-disulphide core’ (4-DSC), it has been hypothesized 
that WAP may have a role in remodeling the mammary gland at specific stages of the 
lactation cycle (Burdon, Sankaran et al. 1991). With respect to the expression pattern of 
WAP in marsupials, it has been suggested that WAP may either play a role in 
development of the mammary gland or influence development in the young by 
providing protection against antibody degradation at a time of passive immunological 
support for the young prior to pouch exit (Nicholas, Simpson et al. 1997). 
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   1.4.2.2.5  Lactoferrin and Transferrin 
 
   Lactoferrin (LF) and Transferrin (TF) are iron-binding proteins 
known to play roles in iron transport and absorption in the gut of the young and 
nonspecific inhibition of bacterial growth (Nuijens, van Berkel et al. 1996). TF and LF 
can be differentiated based on their properties of physiological origin and iron-binding 
capacities: TF is predominantly synthesized in the liver, secreted into plasma and is 
committed to iron transport and iron delivery to cells. It can also be synthesized in the 
mammary cells of some species (Baker, Baker et al. 2002). LF is present in extracellular 
fluids, is synthesized by glandular epithelial cells and neutrophils and is committed to 
innate immunity. Further, LF binds iron at a much lower pH than TF (Peterson, 
Anderson et al. 2000).  
 
 The levels of TF and LF in milk vary between species; the rat and rabbit secrete 
TF alone, while the guinea pig, mouse, horse, cow, goat, and pig secrete both TF and 
LF (Puissant, Bayat-Sarmadi et al. 1994). In rabbit, TF is a major whey protein, with 
levels as high as 20 g/L and the pattern of secretion throughout lactation is similar to 
that of β-casein and WAP.  Since the rabbit suckles its litter as little as once a day, it is 
speculated that the elevated level of TF in their milk may be important as both a nutrient 
and also for reducing gut infection in the young between feeding (Puissant, Bayat-
Sarmadi et al. 1994). In tammar wallaby, TF levels are low from parturition until day 
200 of lactation and then increases from around day 230, when the pouch young has left 
the pouch (Tyndale-Biscoe and Janssens 1988). Minimal expression of LF mRNA was 
seen in bovine mammary tissue in late pregnancy and throughout lactation but it is the 
major iron-binding protein in their secretions during involution (Schanbacher, Goodman 
et al. 1993). In mouse mammary gland, LF is abundant at the end of the lactation period 
(Teng, Pentecost et al. 1989), and is also significantly upregulated during involution 
(Nakamura, Tomita et al. 2006).  
 
   1.4.2.2.6  Immunoglobulins 
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   Immunoglobulins form an important component of 
immunological activity found in colostrum and milk and are central to the 
immunological link in the form of passive immunity that gets transferred from the 
mother to the offspring. Several different classes of immunoglobulins are secreted in 
milk and colostrum but generally IgG, IgA and IgM are the main players. Further, the 
amounts of the different immunoglobulins in milk secretions vary considerably between 
species (Davies and Metzger 1983). The primary immunoglobulin in cow colostrum and 
milk is IgG. It must be noted that in humans and other species with hemochorial 
placentas, immunoglobulins are also transferred across the placenta during gestation. In 
humans, this is primarily IgG with secretory IgA (sIgA) being the chief 
immunoglobulin in colostrum and milk (Mestecky, Lamm et al. 2005). Ruminants have 
cotyledonary placentae and immunoglobulins do not get transported across from mother 
to fetus. The most abundant immunoglobulin class in bovine colostrum and milk is IgG1 
(Barrington, Besser et al. 1997) while IgA and IgM are present at much reduced 
concentrations (Butler 1973). In species with epitheliochorial and endotheliochorial 
placentas such as horses, dogs and prosimian primates, little or no maternal 
immunoglobulin is transferred during gestation. In such species,  milk provides the only 
avenue for transmission of maternal immunity to offspring and therefore, the milks of 
these species contain significant concentrations of IgG as well as sIgA (Van de Perre 
2003). In tammar wallaby where the young are heavily reliant upon immune factors 
secreted in the milk to defend them against potential microbial pathogens in the 
environment, two periods of increased expression of immunoglobulin genes have been 
observed. These coincide with the birth of the young, and then with its first emergence 
from the pouch. Such an increased expression represents a strategy for maternal 
immunological protection of the pouch young (Daly, Digby et al. 2007).  
 
   1.4.2.2.7  Novel marsupial whey proteins 
 
   Several novel milk proteins have been identified in the tammar 
wallaby (Nicholas, Simpson et al. 1997) and brushtail possum (Demmer, Ross et al. 
1998). Early lactation protein (ELP) is expressed during early lactation in the brushtail 
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possum and tammar wallaby (Piotte and Grigor 1996; Simpson, Shaw et al. 1998) and 
shares approximately 37% identity with bovine colostrum trypsin inhibitor (BCTI), a 
protein secreted in cow colostrum during the first 3-5 days of lactation (Čechova, 
Jonakova et al. 1971). Down-regulation of ELP is seen to coincide with the 
upregulation of WAP in both marsupial species (Demmer, Ross et al. 1998; Simpson, 
Ranganathan et al. 2000). Similarly, another putative protease inhibitor, cystatin was 
detected in milk from the red kangaroo and tammar wallaby. It is secreted during early 
lactation and is down-regulated shortly after WAP secretion is initiated (Nicholas, 
Fisher et al. 2001). 
  
 Late lactation proteins A and B (LLP-A and LLP-B) are major lipocalin-like 
whey proteins detected in tammar wallaby milk from days 170 and 200 of lactation 
respectively (Trott, Wilson et al. 2002). Secretion of these proteins in milk  is seen to 
correspond with pouch exit by the young and the change in milk composition to high fat 
and protein diet for increased growth. The homologue of LLP-A in brushtail possum is 
expressed in a similar pattern but at significantly lower levels (Piotte, Hunter et al. 
1998). In contrast, no homologues for LLP-B have been identified in other marsupials. 
Another novel whey protein, trichosurin, is expressed throughout lactation in the 
brushtail possum (Piotte, Hunter et al. 1998). This protein also shares sequence identity 
with an outlier group of the lipocalin family, a diverse group of ligand binding proteins 
with a variety of functions (Flower 1996).  Putative tammar-specific milk proteins 
PTMP-1 and PTMP-2 are yet other newly identified marsupial-specific milk proteins 
(Lefevre, Digby et al. 2007) and it is interesting that PTMP-1 does not exist in the 
genome of the American marsupial opossum suggesting that it could be macropod 
lineage-specific.  
 
 1.4.3  Carbohydrate 
 
  The carbohydrate content in milk of mammals varies from being 
virtually absent in some aquatic species to as high as over 70 g/L in some primates 
(Table 1.1) (Mepham 1983). In most species, lactose, a disaccharide made up of D- 
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glucose and D-galactose is the most predominant milk carbohydrate (Jenness, Regehr et 
al. 1964). It is a major milk osmole and its synthesis  in the mammary gland is 
responsible for drawing water into milk (Mepham 1983). However, lactose is 
completely absent in the milk of fur seals and sea lions (Jenness and Sloan 1970). In 
some species such as bears and marsupials, lactose is only a minor component of milk 
while a variety of other oligosaccharides are dominant (Messer and Elliott 1987). In 
tammar wallaby, the major carbohydrate in milk for the first few days is lactose, but 
after 4-6 days postpartum, a change to complex oligosaccharides consisting of single 
and branched chains of galactosyllactose takes place. Presumably, these complex 
carbohydrates increase the energy content of milk without significantly altering its 
osmolarity. Further, during the transition from phase 2B to phase 3, the carbohydrate 
levels decline precipitously and their composition changes from complex 
galactosyllactoses to the monosaccharides glucose and galactose (Nicholas, Simpson et 
al. 1997). Human milk also contains 7-12 g/L of oligosaccharides and are known to 
contribute in postnatal development of the infant in multiple ways.  Apart from their 
prebiotic effects, human milk oligosaccharides are shown to act as receptor analogs to 
inhibit the adhesion of pathogens on the epithelial surface and interact directly with 
immune cells (Boehm and Stahl 2007). It has been suggested that in humans and other 
species whose central nervous system is not fully developed at birth, the galactose and 
sialic acid present in milk oligosaccharides may be required for optimal development of 
the infant brain (Kunz, Rodriguez-Palmero et al. 1999). In addition, milk 
oligosaccharides are presumed to be important energy sources (Urashima, Saito et al. 
2001).  
 
 1.4.4  Bioactives in milk 
 
 Milk remains one of the most elaborately studied foods and its composition 
within any mammalian species is indicative of the neonatal requirements of its 
offspring. Milk is a complete food for the newborn mammals, and it is the sole food 
during the early stage of rapid development. It has been well recognized that apart from 
critical nutritive elements, milk also contains components that provide immunological 
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protection and biologically active  substances to both neonates and adults (Warner, 
Kanekanian et al. 2001).  
 
 Generally, milk proteins are the main source of a range of biologically active 
peptides. These peptides are encrypted within the sequence of the parent proteins and 
are inactive within them. However, they are released and gain their activity during 
gastrointestinal digestion or during processing. Once produced, these bioactive peptides 
may act in the body as regulatory compounds with a hormone-like activity (Gobbetti, 
Stepaniak et al. 2002). Milk also contains some naturally available bioactive substances 
that are present in it by virtue of physiological origin of secretion. Some of these 
include oligosaccharides, fucosylated oligosaccharides, hormones, growth factors, 
mucin and gangliosides and endogenous peptides (Severin and Wenshui 2005). It 
appears that nature favoured these substances into milk with a scheduled significance 
and there are two theories to explain this. The first theory suggests that it was an 
elaborate provision for milk’s initial self-defense against the degradative army of 
microbes while the second theory offers support to the first line of defence for the 
neonate (Lahov and Regelson 1996).  
 
 There is much evidence to highlight a variety of health benefits such as 
antimicrobial, anti-inflammatory, opioidic,  anticarcinogenic, hypocholesterolemic or 
hypertension controlling effects that are provided by milk derived products (Severin and 
Wenshui 2005; Zimecki and Kruzel 2007). Since a part of work performed in the 
present thesis is focused on an antimicrobial milk protein of monotremes, the following 
sections of the review would concentrate on the similar proteins present in the milk of 
eutherians and marsupials.  
 
 Lactoferrin, a dominant whey protein is present in human milk at a very high 
concentration. The reported levels are 2-4 g/L  and 6-8 g/L in milk and colostrum 
respectively (Severin and Wenshui 2005). The concentration of lactoferrin in bovine 
colostrum and milk is about 1.5-5 mg/mL and 0.1 mg/L, respectively (Tsuji, Hirata et 
al. 1990).  Such a huge difference in concentrations indicate that LF is even more 
important for humans than for bovine species and further emphasize its importance for 
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the newborn in the primary defense system against pathogenic bacteria (Severin and 
Wenshui 2005). Some of the functions of LF are already mentioned in section 1.4.2.2.5. 
The antibacterial activity of bovine LF is attributed to its cationic N-terminus(Bellamy, 
Takase et al. 1992). LF exhibits both bacteriostatic and bacteriocidal activity against a 
range of microorganisms. It causes the release of lipopolysaccharide molecules from 
outer membrane of the Gram negative bacteria and acts directly as an antibiotic 
(Lacasse, Lauzon et al. 2008). Studies have shown that LF inhibits the growth of 
Escherichia coli, Salmonella typhimurium, Shigella dysenteriae, Listeria 
monocytogenes, Bacillus stearothermophilus, and Bacillus subtilis (Batish, Chander et 
al. 1988; Payne, Davidson et al. 1990; Saito, Miyakawa et al. 1991). The antimicrobial 
effect of LF is mainly on the organisms that require iron as it chelates iron, thereby 
deprives the organisms of a source of this nutrient. Further, lactoferricin is a peptide of 
25 amino acids that is derived from bovine LF due to the action of pepsin. This peptide 
has also been found to have antimicrobial activities against various bacteria and 
Candida albicans (Jones, Smart et al. 1994).  
 
 Milk lysozyme is another antimicrobial enzyme that is active against a number 
of Gram- positive and some Gram- negative bacteria such as Pseudomonas aeruginosa, 
Salmonella typhimurium, and Listeria monocytogenes . The enzyme hydrolyses β- 1→4 
linkages between N-acetylmuramic acid and 2-acetylamino- 2-deoxy-D-glucose 
residues in bacterial cell walls, resulting in cell lysis. There seems to be a synergistic 
action of lysozyme and lactoferrin against E. coli, as the latter damages the outer 
membrane making the organism susceptible to lysozyme. A direct interaction between 
lysozyme and lactoferrin was observed with Micrococcus luteus (Severin and Wenshui 
2005).  Lactoperoxidase is yet another antibacterial agent present in colostrum and milk. 
Its concentrations in bovine colostrum and milk are 11-45 mg/L and 13.30 mg/mL 
respectively (Korhonen 1977). This enzyme, in the presence of hydrogen peroxide 
(H2O2), catalyses the oxidation of thiocyanate (SCN−) and produces an intermediate 
product with antimicrobial properties (Touch, Hayakawa et al. 2004). Interestingly, 
murine milk whey acidic protein has also demonstrated bacteriostatic activity on 
Staphylococcus aureus by disrupting the bacterial cell wall (Iwamori, Nukumi et al. 
2010). Apart from these whey milk proteins, studies have shown that human milk lipase 
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is also capable of exhibiting anti- parasitic activity on intestinal protozoa such as 
Giardia lamblia and Entamoeba histolytica, the dysentery amoeba (Gillin, Reiner et al. 
1983). 
 
 The protective factors in milk are not confined to proteins alone but also include 
oligosaccharides and mucin. For example, oligosaccharides in human milk inhibit the 
binding of  enteropathogenic E. coli, Campylobacter jejuni, and Streptococcus 
pneumonia to the target cells (Jenness 1995). Further, inhibition of replication of 
rotavirus by human milk mucin has been reported (Yolken, Peterson et al. 1992). Apart 
from these, glycopeptides, glycoproteins and  some complex oligosaccharides in human 
milk are involved in growth-promotion of Bifidogenic bacteria by either acting as 
receptor analogues for epithelial cells to prevent the adhesion of pathogens or by 
inactivating toxins (Newburg, Pickering et al. 1990). 
 
 With respect to marsupials, lot of studies performed on tammar wallaby have 
allowed the investigation of roles of several proteins secreted in the milk at specific 
times during the lactation cycle and the correlation of their secretion with potential roles 
in the young and mammary gland. One of the major protein groups differentially 
expressed across the lactation cycle are the cathelicidins. Cathelicidins belong to major 
class of antimicrobial peptide gene families in mammals and are important components 
of the innate immune system (Goldman 2012). Cathelicidins have been found in birds, 
reptiles and fish (Zanetti, Gennaro et al. 1995; Lehrer and Ganz 2002; Lehrer and Ganz 
2002; Zaiou and Gallo 2002). They contain a C-terminal cationic antimicrobial domain 
that becomes active after being freed from the N-terminal cathelin portion of the 
holoprotein (Goitsuka, Chen et al. 2007; Maier, Dorn et al. 2008; Zhao, Gan et al. 2008) 
and are expressed in neutrophils and macrophages, as well as in the epithelial cells of 
the testis, skin, gastrointestinal tract and respiratory tract (Zanetti 2004). They are 
known to interact with and kill Gram- positive and Gram-negative bacteria, protozoa 
and fungi through electrostatic interactions between their positively charged peptides 
and the negatively charged molecules found in the cell membranes of their targets. 
Cathelicidins were first identified and characterized in tammar wallaby by Daly et. al., 
in 2008 (Daly, Digby et al. 2008). The pouch of the tammar wallaby is a warm moist 
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environment rich in microflora, including potentially pathogenic bacteria such as 
Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa and 
Enterococcus spp (Old and Deane 1998). Recently, two major cathelicidin genes- 
MaeuCath1 and MaeuCath7 expressed in the mammary gland of the tammar wallaby 
have been studied (Wanyonyi, Sharp et al. 2011). Accordingly, the full-length peptides 
encoded by these genes exhibit antimicrobial activity against Staphylococcus aureus, 
Enterococcus faecalis, Pseudomonas aureginosa and Salmonella enterica. MaeuCath1 
exhibited alternate splicing, with MaeuCath1a and MaeuCath1b variants showing 
differential expression across lactation. The MaeuCath1a variant showed antibacterial 
activity and the gene was highly expressed during initial stages of development of the 
young. Therefore, a role for this protein in  providing immunity for the immune-
incompetent pouch young has been proposed. In addition, the expression of this gene 
was again seen to increase at involution, suggesting that MaeuCath1a may provide 
protection to the involuting mammary gland at a time when it is susceptible to increased 
infection. Further, the second splice variant MaeuCath1b showed proliferative activity 
on mammary epithelial cells and was up-regulated during mid and late lactation when 
there was maximal growth of the mammary gland and milk production. Thus, the 
tammar cathelicidin gene is temporally regulated by alternate splicing to provide 
protection for both pouch young and the mother’s mammary gland during high risk of 
infection and to help proliferation of mammary gland during maximal growth of the 
gland. 
 
 The WFDC2 protein [whey acidic protein (WAP) four disulfide core proteins] is 
another antimicrobial protein whose expression in the mammary gland of tammar 
wallaby was recently identified (Watt, Sharp et al. 2012). The tammar WFDC2 protein 
has two domains: domain III or the amino terminal end and the domain II or the 
carboxy terminal end (Sharp, Lefevre et al. 2007). Domain II of this protein had strain- 
specific antibacterial activity against Staphylococcus aureus, Salmonella enterica and 
Pseudomonas aeruginosa while no activity was seen against gut commensal 
Enterococcus faecalis. This protein was up-regulated during pregnancy, early lactation 
and involution, which correlated with the stages during which the altricial young is 
totally dependent on milk for immune protection and later on when the mammary gland 
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is more susceptible to infection (Watt, Sharp et al. 2012). Thus, these reports have aptly 
used a  marsupial model to study and highlight the role of milk in providing timely 
immune protection to the pouch young and also the mother’s mammary gland.  
 
 1.4.5  Cells in milk 
 
 Secretions from the mammary gland of different species are known to contain 
somatic cells. For example, somatic cells in the milk of sheep, cattle and humans have 
been reported (Paape and Tucker 1966; Lindquist, Hansson et al. 1994; Nel-Themaat, 
Gomez et al. 2007).  These cells are a heterogeneous population comprising of 
lymphocytes, neutrophils, macrophages and epithelial cells. Several factors influence 
the somatic cell count in milk and the distribution of cell types and some of these 
factors include species, infection status, physiological status and management practices. 
The epithelial cells are shed into milk during the lactation process and most of these 
cells are viable and exhibit the characteristics of fully differentiated alveolar cells 
(Boutinaud and Jammes 2002). Studies with animal models have demonstrated that 
milk leukocytes diapedese through the intestinal mucosa to enter the systemic 
circulation, through which they are transferred to various organs and contribute to the 
protection and immune development of the young (Weiler, Hickler et al. 1983; Schnorr 
and Pearson 1984; Zhou, Yoshimura et al. 2000). Of the total cellular compartment in 
human breast milk (about 14,000 cells/mL), the cells of epithelial lineage comprise upto 
about 90% (Ho, Wong et al. 1979). Many lactocytes are believed to occur in milk after 
exfoliation from the basement membrane, either because of the turnover of the secretory 
tissue or as a consequence of the pressures associated with the continued filling and 
emptying cycle associated with milk synthesis and breastfeeding (Cregan, Fan et al. 
2007). Flow cytometry and molecular analyses have aided in identifying early-stage 
stem cells, various progenitor cells, and more differentiated myoepithelial and milk-
secretory cells in human breast milk, representing the mammary developmental 
continuum (Hassiotou, Beltran et al. 2012; Hassiotou and Geddes 2013). Recently,  the 
expression of pluripotency markers such OCT4, SOX2, and NANOG by human breast 
milk stem cell (hBSCs) subpopulations were discovered (Hassiotou, Beltran et al. 
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2012). These markers comprise the core transcription factor (TF) circuitry that control 
the undifferentiated state and pluripotency of human embryonic stem cells (hESCs) 
(Young 2011). Elegant 3D assays have confirmed the ability of hBSCs to self-renew in 
a manner that retains expression of these pluripotency genes. Further, in vitro 
differentiation assays demonstrated the ability of hBSCs to differentiate not only into 
cells of the mammary lineage that synthesize and secrete milk proteins but also into 
cells of other lineages in both a spontaneous and directed fashion (Hassiotou, Beltran et 
al. 2012). However, despite this study providing the first evidence that hBSC 
subpopulations are capable of differentiating into cells from all three germ layers 
suggesting that they are pluripotent, they did not form tumors when injected 
subcutaneously in severe combined immunodeficient (SCID) mice in the teratoma 
assay, in contrast to hESCs. This observation suggests a fundamental difference 
between pluripotent cells in the embryo and in the adult, which has been previously 
supported by studies in adult pluripotent stem cells isolated from the bone marrow 
(Kuroda, Kitada et al. 2010; Ratajczak, Liu et al. 2011). It has been inferred from 
existing data that hBSCs appear in breast milk in numbers of < 1% to 30% or more of 
total breast milk cells but the potential role of these cells in the infant  is not completely 
established. It is suggested that hBSCs may also enter the blood circulation to be 
transported to distant organs, similar to milk leukocytes resulting in microchimerism, 
whereby maternal stem cells are engrafted in infant organs, contributing to tissue 
homeostasis, repair, and/or regeneration (Hassiotou, Beltran et al. 2012). This 
phenomenon of stem cell exchange has been observed before in the mother-offspring 
dyad in a reciprocal way in utero (Barinaga 2002) and is suggested to continue 
postnatally via breastfeeding. Since there is evidence for the better tolerance and 
success rates of maternal transplants by individuals who have been breastfed as infants 
(Zhang, van Bree et al. 1991; Hanson 2000), it is possible that the breastfed infant’s 
immune system may be uniquely tolerized to maternal antigens and cells exposed to via 
breast milk, thereby providing a potentially favorable environment for their utilization 
(Hassiotou, Geddes et al. 2013). In addition, cellular constituents such as messenger 
RNAs (mRNAs) and microRNAs have been found to be present in human breast milk 
and are transported to the breastfed infant, often embedded in microvesicles (Irmak, 
Oztas et al. 2012; Zhou, Li et al. 2012). Breast milk mRNAs may enter the infant’s cells 
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and get translated in the new environment to provide functional attributes to the infant 
(Irmak, Oztas et al. 2012). 
 
 In general, primary cultures of epithelial cells from colostrum and milk of 
humans, baboons, cows and goats together with established cell lines from human and 
goat milk, have been acting as good models for the study of lactogenesis, immunity 
transmission, cancer research and infection by viruses. Further, the RNA extracted from 
milk cells have been shown to be representative of gene expression in the mammary 
gland and thus somatic cells in milk provide a source of material for molecular studies 
of gene expression and environmental interactions (Boutinaud and Jammes 2002). Thus, 
milk, via its cells and nucleic acids, may be transferring genetic signals to the infant. 
 
 
1.5 LACTATION TRANSCRIPTOMICS  
 Lactation is a complex process that involves a well orchestrated series of 
molecules and pathways. Recent advances in genome sequencing of a number of 
mammalian species have provided invaluable resources for the comparative 
evolutionary analysis of genes involved in human (Lemay, Pollard et al. 2013),  murine 
(Anderson, Rudolph et al. 2007),  bovine (Bionaz, Rodriguez-Zas et al. 2007), caprine 
(Ollier, Robert-Granie et al. 2007), and porcine (Tramontana, Hurley et al. 2008) 
mammary adaptations to lactation. In particular, lactation gene sets have been compiled 
from mammary gland cDNA libraries at multiple stages of mammary development or 
lactation status to identify unique milk proteins or important mammary genes in the cow 
(Lemay, Lynn et al. 2009). This study revealed that compared to other genes of the 
bovine genome, mammary and milk genes are more conserved in mammals and evolve 
slowly in the bovine lineage. Also, the most conserved proteins, notably the milk fat 
globule, are associated with secretory processes, whereas the most divergent are 
associated with nutritional and immunological components of milk. 
 
 Since the molecular events associated with milk fat synthesis in the bovine 
mammary gland are not completely understood, one group has studied the mammary 
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tissue mRNA expression via quantitative PCR of 45 genes associated with lipid 
synthesis [triacylglycerol (TAG) and phospholipids] and secretion from the late pre-
partum/non-lactating period through the end of subsequent lactation (Bionaz and Loor 
2008). It was found that lactation induced dramatic up-regulation in expression of genes 
associated with fatty acids (FA) uptake from blood and intracellular 
transport/channeling. These adaptations were mirrored in milk FA profiles, showing 
that mammary uptake relative to de novo synthesis predominated in early lactation.  In 
addition, lactation induced the up-regulation of mRNA of genes involved in activation 
of FA, de novo synthesis, desaturation, synthesis of TAG, lipid droplet formation, and 
ketone body utilization at a lower magnitude. The study further showed that temporal 
expression of genes with well-defined roles in mammary lipid metabolism peaked at 60 
days post-partum and to some extent followed the lactation curve.  
 
 In order to investigate gene expression in the marsupial mammary gland during 
lactation, one study  derived a comprehensive set of cDNA libraries from lactating 
tissues throughout the lactation cycle of the tammar wallaby (Lefevre, Digby et al. 
2007). Consequently,  total of 14,837 express sequence tags were produced by cDNA 
sequencing. This approach permitted the identification of a large number of tammar 
genes expressed during lactation providing a catalogue representing about 25% of the 
tammar genome. This currently is the largest cDNA resource from a marsupial 
organism and has about 10% marsupial-specific mammary transcripts, whereas 15% are 
mammal-specific. Prior to this, an EST (Expressed sequence tag) dataset was described 
in another marsupial species: the Australian northern brown bandicoot (Isoodon 
macrourus) which provides information on the transcriptional profile of the bandicoot 
thymus and offers an opportunity for  genome wide comparison between the bandicoot 
and opossum, two distantly related marsupial species (Baker, Indiviglio et al. 2007). 
 
 1.5.1  RNA sequencing of milk somatic cells 
 
 Until a decade ago, the study of gene expression was reserved to common 
genetic model systems such as the mouse, fruit fly and nematodes. Microarrays and 
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serial analysis of gene expression were the only tools available for examining the 
features of the transcriptome and global patterns of gene expression. For eco- 
evolutionary model species, this important layer of biological information between the 
genotype and phenotype was simply not accessible and gene expression studies were 
confined to small-scale quantitative PCR analyses of candidate genes or cross- species 
hybridization on microarrays (Naurin, Bensch et al. 2008). With the rapid development 
of massively parallel sequencing (or next-generation sequencing) and the advancement 
of analytical tools during the last few years, the situation has changed radically. Whole-
genome or whole transcriptome analyses have become a realistic option for even 
genetic non-conventional organisms, and are becoming widely popular in molecular 
ecological studies (Wolf 2013). 
 
 RNA-seq, also called whole-transcriptome shotgun sequencing, refers to the use 
of high-throughput sequencing technologies for characterizing the RNA contents and 
composition of a given sample. Due to technological limitations at present, sequence 
information from transcripts cannot be retrieved as a whole, but is randomly 
decomposed into short reads of up to several hundred base pairs. In the absence of 
genome or transcriptome information, transcripts are reconstructed from these reads (or 
read pairs), which is referred to as de novo assembly. In case where transcript or 
genome information is readily available, reads are directly aligned onto the reference. 
Further, counting the reads that fall onto a given transcript provides a digital 
measurement of transcript abundance, which serves as the starting point for biological 
inference (Figure 1.4).  




Figure 1.4: Overview of a typical RNA-seq experiment. Sourced from Wolf (2013).  
 
 In comparison with microarrays, RNA-seq is equally in good agreement with 
respect to relative gene expression (Nookaew, Papini et al. 2012). Apart from detecting 
novel transcripts, at significant coverage, RNA-seq captures a wider range of expression 
values and as digital measure (count data), it scales linearly even at extreme values 
whereas microarrays show saturation of analog- type fluorescent signals (Marioni, 
Mason et al. 2008). Another disadvantage of microarrays is its propensity for cross-
hybridization to introduce biases in gene expression measurements. However, a 
comparable problem exists for RNA-seq also when reads align ambiguously (Wolf 
2013). 
 
 Of late, some studies have been performed combining the technology of RNA-
seq and somatic cells present in milk in order to understand the complex biological 
properties and species- specific variations of milk. Though in its infancy, this approach 
appears to be promising. One group has reported the comprehensive bovine milk 
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transcriptome in Holstein cows (Wickramasinghe, Rincon et al. 2012). Cow milk is 
known to contain a heterogeneous population of somatic cells consisting of 
lymphocytes, neutrophils, macrophages and exfoliated epithelial cells (Boutinaud and 
Jammes 2002) and these cells are responsible for the synthesis and secretion of 
components such as proteins, lipids and oligosaccharides into the milk (Lindmark-
Månsson, Bränning et al. 2006). Although  many studies have been conducted on the 
physicochemical properties of cow milk and the genes expressed in bovine mammary 
gland (Boutinaud and Jammes 2002; Finucane, McFadden et al. 2008), very limited 
research has been published on the detailed characterization of genes expressed in 
somatic cells in milk. Interestingly, the transcriptomes of the mammary gland and milk 
somatic cells of the same cow are indeed reported to exhibit extensive similarities 
(Medrano, Rincon et al. 2010). Accordingly, most of the genes expressed in the 
mammary gland transcriptome were present in milk somatic cells (MSC). Compared 
with the mammary gland, higher numbers of genes were expressed in MSC. In addition, 
sets of genes related to immunity, organ development and behavior were uniquely 
expressed in MSC (Figure 1.5). Therefore, a subsequent study was conducted to perform 
a comprehensive expression profiling of genes expressed in milk somatic cells of 
transition (day 15), peak (day 90) and late (day 250) lactation Holstein cows by RNA 
sequencing. Day 15 was selected to study the transition occurring from early lactation to 
peak lactation while Day 90 represented the peak lactation stage with the highest milk 
production. Day 250 represented the milk produced in the involuting mammary gland 
(in the initial stage). First, a global analysis was conducted on the bovine milk 
transcriptome by studying the highly expressed genes in each stage of lactation and 
genes with statistically significant expression between the stages. Sixty nine percent of 
genes annotated in NCBI Btau 4.0 bovine genome assembly were expressed in somatic 
cells. There was ubiquitous expression of ~9,000 genes while ~6,930 genes had a 
significant change in expression with the stage of lactation. The highest number of 
genes were expressed in peak lactation (day 90) MSC. With a detailed analysis, it was 
found that genes encoding caseins, whey proteins and enzymes in the lactose synthesis 
pathway showed high expression in transition lactation (day 15) MSC, and indicated 
higher production of casein and whey derived bio-active peptides. Most of the genes in 
fat metabolism also had high expression in transition and peak lactation MSC. Further, 
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there was an increase in the expression of genes in Ubiquitin-proteasome pathway along 
the course of lactation and most of the endogenous milk proteases were expressed in 
peak and late lactation MSC (Wickramasinghe, Rincon et al. 2012).  
 
Figure 1.5: Summary of expressed genes in bovine milk and mammary gland 
A total of 11,672 genes were observed in the milk and mammary gland transcriptomes. Only 
570 genes, most of which were related to structural processes showed a specific pattern of 
expression in the mammary gland. A total of 1572 genes were uniquely expressed in milk and 
those were related to immunity, organ development and behavior. This study confirmed that 
milk is highly representative of the mammary gland transcriptome and can be used as an 
alternative sample to study mammary gland expression, eliminating the need to perform a tissue 
biopsy.  Sourced from Medrano et al (2010).  
 
 Another group recently used the RNA sequencing technology to probe the 
transcriptome of human milk fat layer (Lemay, Ballard et al. 2013). Concerns of 
impracticality and ethical issues with obtaining systematic samples of mammary tissue 
from lactating woman have always  been impeding research into the biology of human 
lactation. However, it has been found that human milk secreted during lactation is a rich 
source of mammary epithelial cell RNA. This is because, as lipid droplets exit the 
mammary epithelial cell, they are enveloped by cell membrane and secreted into milk as 
membrane bound globules of fat. About 3-8% of human milk fat globules contain 
mammary epithelial cell cytoplasmic remnants, including RNA, captured during milk 
fat globule formation and secretion (Patton and Huston 1988). Further, it has been 
demonstrated that the microarray-generated human milk fat layer transcriptome 
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includes genes uniquely expressed in the lactating mammary epithelial cell (Maningat, 
Sen et al. 2009), thus establishing that the human milk fat layer as a potential window 
into mammary epithelial cell gene expression during lactation without invasive tissue 
biopsy. Therefore, Lemay and group extracted and sequenced high-quality RNA from 
the human milk fat layer over three stages of lactation:  colostral, transitional, and 
mature milk production. The resulting transcriptomes did present an exquisite portrait of 
human lactation. It was seen that the transcriptional profiles clustered not by postpartum 
day, but by milk Na:K ratio, indicating that women sampled during similar postpartum 
time frames could be at markedly different stages of gene expression. Each stage of 
lactation was characterized by a dynamic range (105-fold) in transcript abundances and 
this was not previously observed with microarray technology. Further, it was discovered 
that transcripts for isoferritins and cathepsins were strikingly abundant during colostrum 
production, highlighting the potential importance of these proteins for neonatal health. 
Two transcripts, encoding β-casein (CSN2) and α-lactalbumin (LALBA), made up 45% 
of the total pool of mRNA in mature lactation. Genes significantly expressed across all 
stages of lactation were associated with making, modifying, transporting, and packaging 
milk proteins. Stage-specific transcripts were seen such that those associated with 
immune defense were prominent  during the colostrum stage, the machinery needed for 
milk protein synthesis was up-regulated during the transitional stage, while the 
production of lipids was a hallmark of mature lactation (Figure 1.6). A strong 
modulation of key genes involved in lactose synthesis and insulin signaling was also 
observed. Particularly, protein tyrosine phosphatase, receptor type, F (PTPRF) is 
proposed to serve as a biomarker linking insulin resistance with insufficient milk 
supply. Nevertheless, this study provides the methodology and reference data set to 
enable future targeted research on the physiological contributors of sub-optimal 
lactation in humans (Lemay, Ballard et al. 2013). 
 
 




Figure 1.6: Enrichment of functional annotations for top 10% of expressing genes by stage 
of lactation in humans 
Protein synthesis is the major function of highly expressed genes during all stages of lactation. 
Immune defense is a hallmark of colostrum stage. The machinery needed for milk protein 
synthesis and inhibition of protein degradation was up-regulated during the transitional stage. 
Massive lipid synthesis is a hallmark of the mature stage. Sourced from Lemay et al (2013).  
 
 Because the expression of genes for lipid biosynthetic enzymes during initiation 
of lactation in humans is unknown, a similar study was conducted by another group 
which examined the mRNA expression of lipid metabolic enzymes in human mammary 
epithelial cell (MEC) in conjunction with the measurement of milk fatty acid (FA) 
composition during secretory activation (Mohammad and Haymond 2013). This study 
also utilized the well established model of the RNA isolated from human MFG, as a 
reflection of gene expression in MECs. According to their study, daily milk fat output 
increased several-fold over the first 96 hours postpartum and mirrored expression of 
genes for all aspects of lipid metabolism and milk FA production, including lipolysis at 
the MEC membrane, FA uptake from blood, intracellular FA transport, de novo FA 
synthesis, FA and glycerol activation, FA elongation, FA desaturation, triglyceride 
synthesis, cholesterol synthesis, and lipid droplet formation. Expression of the gene for 
a key lipid synthesis regulator, sterol regulatory element-binding transcription factor 1 
(SREBF1), increased 2.0-fold by 36 h and remained elevated over the study duration. 
Expression of genes for estrogen receptor 1, thyroid hormone-responsive protein, and 
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insulin-induced 2 increased progressively to plateau by 96 h. In contrast, mRNA of 
peroxisome proliferator-activated receptor-γ decreased several-fold. Thus, with onset of 
lactation, increased de novo synthesis of FA was the most prominent change in milk FA 
composition and mirrored the expression of FA synthesis genes. Finally, milk lipid 
synthesis and secretion in humans is concluded a complex process requiring the 
orchestration of a wide variety of pathways of which SREBF1 may play a primary role.  
 
1.6 EVOLUTION OF LACTATION 
 Lactation is a complex phenomenon involving various adaptations: 
morphological, physiological, biochemical, ecological and behavioral. Obviously, such 
a complex web of adaptations could not have arisen suddenly and a simpler process 
must have been at the origin of lactation. During evolution, the amniotes (tetrapods that 
have a terrestrially adapted egg) split into the sauropsids (which led to reptiles and 
birds) and synapsids (which led to mammal-like reptiles) about 320 million years ago 
(Figure 1.7). The early  synapsids, like sauropsids,  were egg-laying. But unlike them, 
the synapsids never evolved a calcified eggshell, or at least no fossil record has been 
discovered (Oftedal 2002). Instead, they continued to lay eggs with a parchment-like 
shell, a property ancestral to both synapsids and sauropsids. By nature, eggs with 
parchment-like shells are ectohydric and thereby rely on environmental water for 
completion of their development. Also, these eggs dry out rapidly when exposed to a 
positive temperature gradient and are intolerant of dessication (Oftedal 2002). 
Therefore, early synapsids were presumed to have either buried their eggs in moisture- 
laden soil or kept them hydrated by contact with moist skin and/or retained them within 
a moist pouch (Oftedal 2002). Further radiations on the synapsid branch led to the 
appearance of therapsids, cyanodonts and mammaliaforms concomitant with gradual 
accrual of mammalian features that included endothermy, dentition, jawbone 
morphology, hair and lactation. A reduction in egg size and a switch to lactation as a 
primary nutrient source for offspring could have been the strategy chosen by the 
synapsids that ultimately survived to become mammaliaforms and mammals (Oftedal 
2012). However, it appears impossible that the increasingly endothermic synapsids 
could have incubated their eggs without getting them lethally dehydrated unless there 
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was an exogenous source of moisture. Therefore, Oftedal has argued in his review that 
this situation required the evolution of lactation, initially as a source of moisture for 
eggs (Oftedal 2002). Moreover, early synapsids apparently had glandular skin and they 
may have kept eggs moist through skin secretions. Novel secretory and antimicrobial 
compounds could have co-opted along with evolution of nutrient-rich constituents in 
these secretions gradually and over a long period of time (Oftedal 2012). This has been 
confirmed through recent comparative genome analysis of the essential components of 
lactation system at the molecular level (Lefevre, Sharp et al. 2009; Lemay, Lynn et al. 
2009). Thus, milk was born.  
 
Figure 1.7: Evolution of lactation and mammals 
Amniotes split into sauropsids (leading to birds and reptiles) and synapsids (leading to 
mammal- like reptiles). Sourced from Lefevre et.al. (2010). 




 1.6.1  The origin of mammary glands 
 The evolution of a complex organ system such as the mammary gland which 
involves many evolutionary novelties would have definitely required a long period of 
time for natural selection to act. Roughly, the time taken by the mammary glands to 
evolve to their current form probably spans across 130 million years , i.e., from 
Carboniferous tetrapods or early amniotes (310- 330 mya) until the mammaliaforms and 
earliest mammals (190 mya) (Oftedal and Dhouailly 2013). Nevertheless, the basic fact 
that the mammary glands and their secretory products (caseins, whey proteins, sugars 
and milk fat globules) are structurally similar across all mammals indicates that 
mammary glands were fully developed prior to the emergence of mammals (Oftedal 
2002).  
 Although many intermediate glandular forms may have arisen in the sequential 
radiation of synapsids, comparative analysis of literature points one gland that bears 
many similarities to the mammary gland, the ancestral apocrine- like gland. Although 
not identical, the mammary gland and apocrine glands in mammalian integument share 
the following features as compiled by Oftedal: bilayered secretory portion (comprised 
of secretory and myoepithelial cells), penetration deep into hypodermis, involvement of 
both apocrine and exocytosis pathways for their secretions, little change in the volume 
of secretory cells during secretion, and requirement of hormonal maturation for active 
secretion. Finally, the ontogenetic development entails a transitory or permanent 
association with hair follicles and sebaceous glands, at least in some mammalian taxa 
(Oftedal 2002; Oftedal and Dhouailly 2013). 
 Apocrine glands release secretory products by exocytosis, and in some cases by 
an apocrine process, i.e., the secretions bud off through the plasma membrane of the 
cells producing membrane-bound vesicles. In the mammary gland, though most milk 
components (including proteins, oligosaccharides, lactose and many aqueous 
constituents) are secreted into the gland lumen through exocytosis, the fat droplets 
bulge out through the apical plasma membrane through an apocrine process, thereby 
incorporating cytoplasmic crescents. Therefore this process of mammary lipid secretion 
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has been described by Wooding as homologous to apocrine secretion (Wooding 1980). 
It is plausible, although not certain, that milk secretion is a specialized, derived form of 
apocrine secretion, indicating the evolutionary origin of mammary glands from apocrine 
glands.  
 Most of our knowledge of apocrine glands is limited to large specialized glands 
such as human axillary glands, rodent Harderian glands that provide lipids important for 
the reduction of cutaneous water loss and for waterproofing of hair and rabbit scent 
glands (Montagna 1974). However, the non-specialised apocrine glands on the general 
body surface of mammals warrants in depth study, so that more light can be shed on the 
origin and evolution of milk constituents. 
 The precise adaptive pathways by which the mammary gland and lactation may 
have been gradually established during mammalian evolution are controversial due to 
the absence of living representatives of early lineages and the inadequate fossil 
evidences for mammary gland development and parental care (Lefevre, Sharp et al. 
2010). However, a study on monotremes may offer a possibility to answer the above 
questions. This is because, having diverged from the therian lineage about 166- 220 
million years ago (Nicol 2003; Bininda-Emonds, Cardillo et al. 2007; Hedges and 
Kumar 2009), the monotremes are often regarded as representatives of early mammals. 
Thus, the hypothesis for the project was to evaluate if monotremes are good models to 
examine the evolution of mammary gland function. The following sections give a 
comprehensive description of monotremes  as they are the prime focus of this project 
and their samples are used for studies described in this thesis.  
 
1.7 MONOTREMES 
 Monotremes exhibit a fascinating combination of both reptilian and mammalian 
characters:  they lay parchment-shelled eggs while having a prototherian lactation 
process (Lefevre, Sharp et al. 2010). The only extant monotremes are one species of 
platypus (Ornithorhynchus anatinus) and two genera of echidnas, long-beaked echidna  
(three species of Zaglossus) and one species of short-beaked echidnas (represented by 
four subspecies of Tachyglossus aculeatus)  (Figure 1.8) (Flannery and Groves 1998). 
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The two clades split about 17-80 million years ago (Rowe, Rich et al. 2008) and have 
evolved a very different general appearance and are adapted to completely different 
habitats. Their distributions are limited to Australia and New Guinea (Grützner 2009).  
The initial idea that monotremes diverged from the marsupial lineage (marsupionta 
theory), which was supported by mitochondrial sequence alignments, has now been 
discarded by re-analysis of the mitochondrial genome data set as well as the work on 
nuclear genes and the platypus genome project (Grutzner and Graves 2004; van Rheede, 
Bastiaans et al. 2006; Warren, Hillier et al. 2008). 
 
 
Figure 1.8: The Monotremes 
(A)  Platypus (Ornithorhynchus anatinus), (B1) Long-beaked echidna (Zaglossus bruijni) and 
(B2) Short-beaked echidna (Tachyglossus aculeatus). Sourced from Wikipedia. 
 
 
Chapter 1  General Introduction 
45 
 
 1.7.1  Echidna 
 
 Echidna is a small, solitary mammal, covered with coarse hair and spines. In 
Australia, echidnas are nearly ubiquitous in their distribution and occupy a diverse 
range of habitats from tropical savanna rangelands, to mild coastal heaths and in alpine 
areas above the snow-line (Griffiths 1968). The short-beaked echidna is the most widely 
distributed of all the extant monotremes. It feeds on ants, termites and pasture grub 
while the long- beaked echidna of New Guinea feeds on a variety of soil invertebrates. 
 
 Despite huge geographic range and diversity of habitats, echidna populations 
belonging to different subspecies have shown remarkably little variation in the timing of 
mating. In Tasmania, the mating season is known to occur from early June to mid- 
September (Nicol and Andersen 2006). In a much colder climates such as the Mount 
Kosciusko area, the mating season begins few weeks later and extends from early July 
to early September (Beard, Grigg et al. 1992)  while in milder climates such as 
Kangaroo Island, some mating activity has been reported to have occurred as early as 
May (Rismiller and Seymour 1991). The evolutionary significance of maternal care in 
echidnas was first recognized by Semon in 1894, who reported observations by 
aborigines that the mother leaves the young in a burrow while she forages, but when she 
returns, she takes it up in her pouch to feed (Semon 1894). Broadly, the maternal care 
provided by a mother echidna from fertilization until weaning can be divided into four 
phases: Phase 1 comprises of a gestation period of 20-24 days and ends with the egg 
being laid and taken into the pouch. During phase 2, the egg is incubated in the pouch 
for ~10.5 days. Following hatching, the young is carried in the pouch and is able to 
suckle continuously during phase 3. Finally, the young is evicted from the pouch during 
phase 4 and is sequestered in a nursery burrow where the mother returns to feed it at 
intervals of 5-10 days (Griffiths, Kristo et al. 1988; Rismiller and McKelvey 2000). The 
timing and durations of Phases 3 and 4, and the maternal behavior during all phases 
vary significantly between echidnas from different regions of Australia as reviewed and 
compiled by Morrow et.al. (Figure 1.9) (Morrow, Andersen et al. 2009). One report 
states that the suckling echidna was cast out of the mother’s pouch when it had attained 
a body weight of 400 g. This young echidna, which could take in milk equal to 7-10% 
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of its body weight within half- an hour, was traced to increase in weight from 241 g to 
851 g in 43 days on a diet of milk (Griffiths 1965). The representations of echidna egg, 
hatchling and young (puggle) at 30 days of age are shown in Figure 1.10. 
 
 
Figure 1.9: Summary of maternal care in echidnas 
Schematic representation of maternal care in echidnas from three different regions in Australia- 
Tasmania, South-east Queensland and Kangaroo Island showing the estimated age of the young 
(days after hatching) when evicted from the pouch, and at weaning. The top and lower bars of 
each pair represent the young and the mother respectively, while the shaded portions represent 
the ‘in burrow’ period. Kangaroo Island echidnas are known to use a burrow or other shelter 
during incubation of egg, but do not remain their continuously. The bar representing the young 
is divided into four maternal care phases- (1) gestation, (2) egg incubation, (3) young in pouch 
and (4) young in burrow with occasional visits from the mother. Sourced from Morrow et.al. 
(2009). 
 
 Recently, post-gestation maternal care in a wild population of echidnas in the 
Tasmanian midlands has been investigated using a combination of external temperature 
loggers and motion-triggered infrared cameras. Accordingly, for the first few weeks of 
early lactation, the mothers are observed not to leave the nursery burrow, which they 
keep at a stable and warm temperature, resulting in maternal mass loss which has been 
observed to be greater than the loss during hibernation. However, after lactating 
mothers recommence feeding, they raise a young to a ~1.5 kg on a diet of their milk 
while increasing their own body mass by a similar amount. Additionally, weaning in 
this population is found not to be abrupt as there is a period where young echidnas 
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begin exploratory foraging while their mother is still lactating. Interestingly, after the 
young are weaned and abandon the nursery burrow, there appears to be no more 
associations between the mothers and the young despite the young echidnas remaining 
within their mother’s home range for the first 12 months of their lives. Further, female 
echidnas are found to time their reproductive events with increases in ecosystem 
productivity, so that the young are weaned at a time of maximum food abundance 
(Morrow and Nicol 2013).  
 
Figure 1.10: Different developmental stages of echidna 
(A) Echidna egg in the mother’s pouch, (B) Echidna hatchling or puggle and (C) Puggle at 30 
days of age. Sources: http://teachertimesaver.com and http://news.howzit.msn.com 
  
   
 1.7.2  Platypus 
 
 Platypus is a small amphibious mammal, which possesses a characteristic 
pliable duck- like bill and has strongly webbed forefeet. It is mostly nocturnal in its 
foraging activities and feeds principally on benthic invertebrates.   There is a notable 
size difference between sexes with males averaging 500 mm (range 450- 600 mm) in 
total length and weigh 1700 g (1000- 2400 g) while females are about 430 mm (390- 
550 mm) and weight around 900 g (700- 1600 g). The males of the species have a 
keratinous spur on the inside of each rear limb. These spurs are hollow and are attached 
to venom glands in the upper thigh regions via the ducts (Griffiths 1978; Grant 1989). 
The complete dependence on permanent freshwater makes the species vulnerable to 
environment and disease factors affecting the waterways, their banks and sympatric 
species (Grant 2007). 




 Reproductive activity of platypus occurs in spring and there is a spread in 
breeding times within populations and different localities. Onset of reproductive activity 
is reported to occur earlier in the north (Queensland) than in the south (Victoria and 
Tasmania) (Griffiths 1978; Grant 1989). The female platypus has a receptive period of 
4- 6 days in the spring of each year during which her behaviour changes from avoiding 
to initiating contact with the male. After courtship and copulation, the female 
commences burrow preparation that ends with a 3- 5 day intense period of collecting 
wet nesting material. The gestation period is estimated to be 15- 21 days and she lays 
upto three leathery shelled- eggs of about 17 mm long. There is uncertainty regarding 
how soon the first egg is laid after the female returns to the burrow and also the period 
between the laying of two eggs. The incubation is less than 12 days during which the 
female is thought to curl her body around the eggs (Grant 2007; Hawkins and Battaglia 
2009). Hairless hatchlings that emerge from the egg are extremely small, have fused 
eyelids, incomplete organ systems and are roughly comparable to a human embryo 56 
days post ovulation. Their outward appearance is the same as that of a new-born 
marsupial with features such as webbed feet, bill, and flattened tail (Hughes and Hall 
1998). There are reports on the female leaving the burrow for very short periods during 
the days of incubation and immediately after hatching wherein she entered the water 
and groomed but did not feed before returning (Fleay 1944; Holland and Jackson 2002). 
Given that the neonates at this stage would be extremely small and unlikely to be able to 
thermoregulate themselves, the question about how the female extricates herself from 
the eggs or neonates and then recovers them on her return is still unresolved. The 
hatchlings grow from ~1.5 cm to 37.5/41.2 cm (females/males in the Upper Shoalhaven 
River), nourished only by their mother’s milk in 3-4 months, when they begin to leave 
the burrow (Grant 2007). The entire lactation length in free-ranging platypuses was 
estimated as longer than 90 days but less than 120 days  (Figure 1.11) (Grant, Griffiths et 
al. 2004). 




Figure 1.11: Lactation in platypus 
Schematic representation of lactation in platypus representing the phases of gestation (15-21 
days), incubation of egg (12 days), and suckling of milk. The entire lactation length ranges from 
90- 120 days.  
 
 Although the first successful captive breeding of platypus was recorded by Fleay 
in 1944 (Fleay 1944), there was no detailed study of its breeding biology until 1998-99, 
when breeding was achieved at Healesville Sanctuary (Holland and Jackson 2002). 
Captive breeding was achieved again two years later with the same pair and again in 
2008 and 2009 with captive-bred parents (Hawkins and Battaglia 2009). One particular 
study performed on captive breeding reports that during the suckling period, there exists 
a pattern of daily burrow exits by the mother that commenced from Day 20 ± 2 (Day 
17- 21). Accordingly, two distinct stages were observed; during the first stage from Day 
20 ± 2 to Day 41 ± 5, maternal activity was based on a ~ 24 day cycle with the time 
spent out of the burrow short but increasing day by day while the time spent in the 
burrow suckling the young and maintaining burrow temperature were long and 
relatively stable (19 ± 3 h per day). Subsequently, a second stage of maternal activity 
was based on a ~ 48 h cycle with the female visiting the burrow only every second day 
and resting elsewhere on the day in between. This stage with the durations of both in- 
and out-of- burrow stays remained relatively consistent over the remaining period until 
emergence. The proportion of time the female spent on feeding between visits to the 
burrow also remained high and consistent (55 ± 13%) (Hawkins and Battaglia 2009).  
However, within the breeding burrow, how much of the female’s time was actually 
spent suckling the young was not known but interestingly, in later stages of 
development, the female is observed to have stayed in the burrow for as little as 1.5 h. 
Perhaps, with the development of the juvenile’s thermoregulatory capability, the 
maternal presence in the nesting chamber for temperature regulation became less 
important, although the peak temperature could be correlated to the mother’s visit to the 
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juveniles (Bethge, Munks et al. 2004). The entire lactation period in captive- bred 
platypuses has been found to be 121 ± 4 days (Holland and Jackson 2002; Hawkins and 
Battaglia 2009) although a longer lactation period of 140-150 days have been proposed 
by previous studies (Fleay 1944). Further, there are data reported on behavioral support 
provided by the female during a period post- emergence wherein she continues to make 
herself available to the young for suckling in a mutually known location (Holland and 
Jackson 2002). 
 
 1.7.3  Monotreme mammary glands 
 
 An attempt to study the mammary glands of the platypus and echidna by 
Griffiths et.al., in 1972 revealed that as gross structures, the monotreme mammary 
glands consist of discrete lobules, in effect compound alveolar glands similar to those of 
the fully lactating marsupial. Ultra-structurally,  all mammary glands, prototherian, 
metatherian and eutherian, are reported to be identical with the alveoli consisting of a 
secretory epithelium invested by myoepithelium. The mean diameters of their alveoli 
are however larger than in marsupial and eutherian glands. The processes of formation 
and secretion of casein and milk fat are the same in the glands of all the three subclasses 
of the Mammalia. Monotreme mammary glands differ from those of the eutherian and 
metatherians due to the lack of teats. The evidence that monotremes exhibit ‘let-down’, 
that they have myoepithelium identical to that of marsupials and eutherians and that 
exogenous oxytocin induces milk flow in all species further confirm that all mammary 
glands are fundamentally similar (Griffiths, Elliott et al. 1973).  
 
 One study has elucidated the development of mammary gland in the embryos of 
short- beaked echidnas during the stages of  late egg incubation and first few weeks of 
pouch-life (Bresslau 1907). Accordingly, the mammary gland development is 
characterized by a plate- like mammary bulb that generates 100-200 primary sprouts. 
These primary sprouts give rise to secondary sprouts at their distal termini and include 
both mammary and pilosebaceous anlagen. The subsequent development of the two 
types of the secondary sprouts to produce ductal trees/ lobules, and mammary hairs and 
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sebaceous glands, respectively, has not been studied. However, the authors surmise that 
each primary sprout generates a complete mammolobular-pilo-sebaceous unit (Figure 
1.12), because during lactation, each lobule opens through a galactophore into the 
infundibulum of an enlarged mammary hair follicle, as does an associated sebaceous 
gland. Further, the single mammary gland on each side contains a fan-shaped group of 
100-150 (in echidna) and 100-200 (in platypus) club- shaped lobules that deliver milk to 
the skin surface via the large mammary hairs in an abdominal mammary patch 
(Griffiths 1978; Oftedal 2002). When the young hatch, the lobules are still small, 
minimally branched and tubular in shape but become highly branched and densely 
alveolar during mid-lactation (Oftedal 2002; Oftedal and Dhouailly 2013). 
 
 
Figure 1.12: A representation of Mammolobular- pilo- sebaceous unit (MPSU) 
MPSU is a component of the mammary gland; an epithelial sprout that grows downward, 
produces a mammary hair, a sebaceous gland and a mammary gland lobule. The ducts for both 
the mammary gland lobule and sebaceous gland open into the infundibulum of a hair follicle. 
Color key: Black = α- keratin; dark green = mammary secretory cells; cyan = sebaceous gland. 
Sourced from Oftedal et.al. (2013) 
 
 
 1.7.4  Monotreme eggs 
 Nutritional reserves that are stored in egg yolk are crucial for the development 
of embryo of non-mammalian oviparous vertebrates (Byrne, Gruber et al. 1989). The 
composition of yolk is well known in reptiles and birds, the extant oviparous species 
that are closest to mammals (Byrne, Gruber et al. 1989; Romano, Rosanova et al. 2004). 
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Egg yolk is mainly comprised of proteins, lipids, phosphorous and calcium and most of 
these nutrients are either contained in or transported to the egg by the vitellogenin 
protein (VIT), which is produced in the liver. Because these nutrients cannot be 
provided to the eggs from the exterior, yolk constitutes an essential resource in these 
species (Vleck and Hoyt 1991).  In contrast, the role of VIT proteins in viviparous 
mammals are thought to have been replaced through the establishment of placenta, 
which controls the interface between  the developing embryo/ foetus  and its mother 
during gestation, followed by milk feeding of the suckling young after birth (Dawson 
1983; Oftedal 2002).   
 Since the independent and almost simultaneous discovery of oviparity in 
monotremes by Caldwell and Haake in 1884 (Grant 1989), the scientific community, 
particularly the evolutionary biologists have been intrigued by the blending of avian, 
mammalian and uniquely monotreme developmental profiles. The unique combination 
of their oviparity and a primitive mode of lactation-which is speculated to be similar to 
that of the common mammalian ancestor (Oftedal 2002) may give rise to insights into 
the relationship between lactation and nutrient reserves in the oocyte, as lactation might 
have at least partially replaced oocyte resources (Brawand, Wahli et al. 2008). The first 
detailed description of development of eggs of  both monotreme species from oogenesis 
to hatching were by Flynn and Hill in 1939 (Flynn and Hill 1939). Platypus ova are 
small (about 4 mm diameter) relative to comparably sized reptiles and birds. Like in all 
mammals and many other amniotes, when fertilization in platypus (which in-turn 
displays sauropsid and therian characteristics) occurs, the ovum is invested with a zona 
pellucida. The eggs (about ~2 cm in diameter) are also very small in proportion to body 
size but still contain considerable quantities of yolk when compared with those of 
marsupials and eutherians. Similarly, examination of the relative timing of early 
development and organogenetic events in the echidna reveals both derived and 
plesiomorphic features when compared to other mammals and to other amniotes 
(Werneburg and SánchezǦVillagra 2011). Though the molecular composition of 
monotreme egg yolk is not documented in detail (Hughes and Hall 1998), the 
developing embryo is reported to be at the 19 to 20 somite stage at laying in both 
species (Hughes and Carrick 1978).  
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 Interestingly, the genome analysis of platypus does reveal certain information 
complementing the oviparity exhibited in the species. Besides encoding each of the four 
proteins of the human zona pellucida (Jovine, Qi et al. 2007), the platypus genome 
contains two ZPAX genes. ZPAX genes encode egg envelope glycoproteins and were 
previously observed only in birds, amphibians and fish. The aspartyl-  protease 
nothepsin is present in platypus, while it has been found to be lost from marsupial and 
eutherian genomes. In zebrafish, nothepsin gene is specifically expressed in the liver of 
females under the action of oestrogens and is found to accumulate in the ovary (Riggio, 
Scudiero et al. 2000). Since these are the same characteristics as of the vitellogenins, it  
is indicated that nothepsin may be involved in processing vitellogenin or other egg yolk 
proteins. Further, platypus has retained a single vitellogenin gene and a pseudogene, 
whereas sauropsids such as chicken have three and the viviparous marsupials and 
eutherians have none (Warren, Hillier et al. 2008).  
 
 1.7.5  Monotreme milk 
 Because the monotreme young are born at such an underdeveloped stage, the 
milk must provide all the nutrients to support the large extent of growth that occurs 
outside the uterus of the mother (Blackburn 1992). It is speculated to contain many 
bioactive molecules not previously discovered (Sharp, Lefevre et al. 2007). Marsupials 
also give birth to altricial young following a short pregnancy. These young are totally 
dependent upon constantly changing milk for their development during an extended 
lactation period (Tyndale-Biscoe, Renfree et al. 1987). Whether monotremes also 
change their milk composition to suit the requirements of the young with lactation- 
phase specific changes occurring in milk protein gene expression are still controversial 
and need further confirmation. Moreover, given their strategic position of being the 
lowest mammals in the mammalian tree of evolution, monotreme milk is regarded as an 
ancestral form of milk and an insight on its contents would provide an understanding 
towards the evolutionary function of the mammary gland and its secretions. Therefore, 
monotreme milk is of special interest to the field of comparative lactation.  
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 Though elaborate work has not been done on monotreme milk, some earlier 
reports indicate that both echidna and platypus milk are rich in solids with echidna milk 
containing approximately 48.9% (w/w) solids and platypus milk containing 39.1% 
(w/w) (Griffiths, Green et al. 1984). In the case of eutherian milk, it has been found that 
the solids content of milk is related to the suckling regimen (Shad 1963; Jenness and 
Sloan 1970). Griffiths (1968, 1978) had noted that echidna young are suckled at 
intervals of several days and large volumes of milk (as much as 20% of the neonate’s  
bodyweight) being consumed at each suckling. Given the correlation between 
infrequent suckling and milk high in solids, it may be inferred that platypus young also 
suckle at intervals of several days given the high solids content of milk. However, this 
needs confirmation.  
 
  1.7.5.1  Milk proteins 
   
           In general, the total protein component of any milk is composed of 
numerous specific proteins. Caseins are the primary group of milk proteins while all 
other proteins found in milk are grouped together under the name of whey proteins. 
Monotreme milk has been confirmed to contain both the groups of proteins and some of 
their salient features have been investigated and compiled (Lefevre, Sharp et al. 2010). 
Interestingly, while comparing the protein content of milk of various species, studies 
suggest that both echidna and platypus milk are among the richest (10.7% and 7.5% 
respectively), being similar to rabbit (13.6%), guinea pig (8.1%), rat (8.4%) and 
common opossum  milk (8.4%). Furthermore, it has been noted that the ‘whey’ protein 
fraction exceeds the casein fraction in monotreme milk when compared with bovine 
milk (Teahan, McKenzie et al. 1991).  
 
   1.7.5.1.1  Caseins 
    
    Caseins are the major milk proteins of mammalian milk and they 
exist as micelles consisting of three to four phosphoproteins. They show dual 
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functionality. Primarily, they serve as a source of amino acids and the other key 
function is to sequester large amounts of calcium phosphate from maternal bodily stores 
or diet and to make it available to the neonate to support its born growth. Caseins are 
sub- grouped into two types: calcium sensitive and calcium insensitive. Alpha and beta 
caseins (CSN1 and CSN2) and their variants are calcium sensitive caseins because they 
precipitate easily under low to moderate calcium concentrations. Kappa casein (CSN3) 
is the calcium insensitive phosphoglycoprotein that is involved in stabilizing the 
calcium micelles. A physical linkage of casein genes is seen to exist in the casein locus 
of all mammalian genomes examined and this locus has expanded during mammalian 
radiation by internal gene duplication (Rijnkels 2002).  This physical linkage of casein 
genes is confirmed to exist in platypus also. Similar to those reported in other mammals 
(Rijnkels 2002), all types of caseins and their variants have been found to be expressed 
in monotreme milk cells (Lefevre, Sharp et al. 2009). In addition, a recent duplication of 
beta casein is reported to have occurred in the monotreme lineage while it is noted that 
marsupials, their closest relatives, posses only single copies of α- and β-caseins. The 
close proximity of the main α- and β-casein genes in an inverted tail-tail orientation and 
the relative orientation of additional casein- like genes or the more distant κ-casein gene 
are similar in all classes of mammals (Rijnkels 2002; Lefevre, Sharp et al. 2009). 
Perhaps, this configuration is important for the concerted expression of casein genes. 
Overall, the conservation of the genomic organization of the caseins in all mammalian 
genomes indicates the early, pre- monotreme development of the fundamental role of 
caseins during lactation. In contrast, the lineage- specific gene duplications that have 
occurred within the casein locus of monotremes and eutherians but not marsupials, 
which may have lost a part of the ancestral casein locus, further emphasizes the 
independent selection on milk provision strategies to the young, most likely linked to 
different developmental strategies (Lefevre, Sharp et al. 2009). 
    
   1.7.5.1.2  Whey proteins 
 
     It has been reported that platypus milk contains fewer whey 
proteins than echidna milk (Hopper and McKenzie 1974). This discrepancy is consistent 
Chapter 1  General Introduction 
56 
 
as the platypus milk cells transcriptome also was found to be largely dominated by β- 
lactoglobulin (over 50%) and casein transcripts (30%) while echidna milk cells RNA 
included a higher proportion of whey proteins (Lefevre, Sharp et al. 2009).  
 
 Few whey proteins such as α-lactalbumin, lysozyme, lactotransferrin, WAP and 
WFDC2 have been identified in monotreme milk. The platypus α-lactalbumin amino 
acid sequence  shows a high degree of positional identity (41-48%) with the α- 
lactalbumins of other species. Although it has no lysozyme activity, platypus α-
lactalbumin is reported to be more similar to mammalian lysozymes than is any 
eutherian or marsupial α-lactalbumin, suggesting that this monotreme protein has 
evolved more slowly than other α-lactalbumins (Shaw, Messer et al. 1993). The 
presence of two lysozyme variants, lysozyme I and II was confirmed in mature milk 
samples of Tachyglossus aculeatus multiaculeatius and Tachyglossus aculeatus 
aculeatus, respectively, by Teahan et. al., in 1991 (Teahan, McKenzie et al. 1991). The 
same group had earlier isolated Iron (III) binding proteins in echidna (Tachyglossus 
aculeatus multiaculeatius) and platypus milk (Teahan and McKenzie 1990). Though 
WAP is a major whey protein found in the milk of numerous species, it is absent in the 
milk of cows, sheep and humans (Hajjoubi, Rival-Gervier et al. 2006). It was identified 
in monotreme milk (Teahan, McKenzie et al. 1991) and more recently, characterization 
of echidna and platypus WAP cDNAs expressed in mammary cells extracted from their 
milk was reported (Sharp, Lefevre et al. 2007). Accordingly, monotreme WAPs have 
dissimilar domain structure to marsupial WAP and in turn represent two new WAP 
configurations. Additionally, the expression of a second WAP- like cDNA (WFDC2) 
with homology to WFDC2 proteins was discovered during the same study (Sharp, 
Lefevre et al. 2007). A phylogenetic analysis to determine of evolutionary relationships 
between WFDC2 orthologues has shown that monotreme WFDC2 proteins formed a 
sister clade while WFDC2 proteins from marsupials clustered together within the same 
clade. Further, the WFDC2 protein of tammar wallaby has been reported to show 
antibacterial activity against an array of bacteria and this activity resides with its 
domain II (Watt, Sharp et al. 2012). C6orf58 is another protein whose cognate gene has 
been found to be highly expressed in monotreme milk cells. This protein of unknown 
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function is found to be expressed in epithelial cells of other mammals but has not been 
previously observed in milk (Lefevre, Sharp et al. 2009).  
 
 One study in which the electrophoretic profiles of whey proteins of echidna and 
platypus milk collected at various stages of lactation from different animals describe an 
interesting observation. The whey of echidna milk taken at day 0 of lactation (after 10 
days of incubation of egg in pouch), immediately after hatching (day 1), and day 15 of 
lactation were identical except that the bands of day 1 sample were fainter, indicating a 
lower concentration of protein. However, the profiles of samples collected at days 40, 
50 and 60 were different with disappearance of a previously existing band and 
appearance of new ones. On the other hand, the whey profiles of platypus were 
distinctly different from that of echidna (Joseph and Griffiths 1992). This difference in 
profiles among the species were in agreement with a previous report (Teahan, 
McKenzie et al. 1991). Table 1.2  provides a comprehensive summary of major milk 





















Table 1.2: Summary of major milk proteins in different mammalian lineages. 
Sourced from Lefevre et al (2010).  
Milk protein Monotreme  Marsupial  Eutherian 
Caseins  
α casein (CSN1) + + + 
β casein (CSN2) + + + 
κ casein (CSN3) + + + 
Casein variants  
CSN1S1, CSN1S2 - - + 
CSN2b + - - 
Whey proteins  
β-Lactoglobulin 
(BLG) 
+ + +a 
α-Lactalbumin 
(LALBA) 
+ + +b 
WAP + + 
mid-lactation 
+c 
ELP - + 
early lactation 
_ 
LLP1, LLP2 - + 
late lactation 
_ 
New putative milk 
proteins 
 
C6orf58 + - - 
PTMP-1 - +d - 
PTMP-2 - + - 
aβ- Lactoglobulin is not found in human and mice milk. 
bα-Lactalbumin has been lost in otariids. 
cWAP has been lost in human, goat and cow. 
dPTMP-1 may be macropod- lineage specific. 
 
  1.7.5.2  Milk fat 
 
  Both platypus and echidna milk contain far more total solids and lipid 
and the level of crude lipid in echidna milk is higher than that of platypus milk, but 
relative to the milk of eutherians (Griffiths, Green et al. 1984). The milk triglyceride 
fatty acid component of platypuses living in their natural habitat and feeding on their 
diet of larvae is quite different from that of echidna feeding on their natural diet of ants 
and termites (Griffiths, Elliott et al. 1973). Since ants and termites have lipid of very 
high oleic acid content (64.8% and 52.1% respectively), milk triglycerides of wild 
echidna contain over 60% oleic acid (Griffiths, Green et al. 1984). It is also seen that 
Chapter 1  General Introduction 
59 
 
the fatty acid complement of echidna milk can be changed, as occurs in other mammals, 
by altering the proportion of C18:1 in the dietary lipid (Griffiths, Elliott et al. 1973).  
 
 In terms of the molecular structures, the triglycerides of echidna milk are 
different from those of the eutherian and marsupials in that they are largely 
symmetrical, with the major saturated fatty acids C16:0 and C18:0 almost equally 
distributed in the glycerol moiety between the sn-1 and sn-3 positions while the 
unsaturated fatty acids are preferentially esterified at the sn-2 position (Grigor 1980; 
Parodi 1982). However, the distribution pattern of the fatty acids in the triglycerides of 
platypus milk is like that of eutherian and marsupial milks (Parodi and Griffiths 1983). 
Thus, the type of distribution in echidna triglycerides is unique and is not observed in 
the milk triglycerides of any other mammal, but interestingly, is akin to the fatty acid 
distribution found in the vegetable oils (Griffiths, Green et al. 1984).  
 
  1.7.5.3  Milk carbohydrates 
 
           The major oligosaccharides of echidna milk were identified to be 
sialyllactose and  fucosyllactose while the principal neutral carbohydrate of platypus 
milk is a tetrasaccharide, difucosyllactose. Free lactose is reported to be found in small 
amounts only constituting 8% of total free carbohydrate of echidna milk and 1% of that 
of platypus milk, with values corresponding to milk lactose concentration of 0.1% or 
less. Thus, the milk carbohydrate of monotremes is distinguished from that of both 
marsupials and placental mammals by its high fucose content (Messer and Kerry 1973). 
Echidna milk also has a rich content of sialic acid (Messer and Kerry 1973). During a 
detailed study on the carbohydrates of milk of platypus, no evidence was obtained for 
quantitative or qualitative changes in carbohydrates during the course of the lactation 
period except for a small decline in total hexose towards the end (Messer, Gadiel et al. 
1983).  
 
 The unusual form of siallylactose found in echidna milk i.e., 4-O-acetyl-N-
acetylneuramilactose (Messer 1974), has not been found in the milk of other species 
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except platypus (Messer, Gadiel et al. 1983). Yet another unusual feature of monotreme 
milks is the incidence of protein material that is not removed by chloroform-methanol 
extraction suggesting the presence of a glycoprotein (Messer, Gadiel et al. 1983).  
 
 The principal carbohydrate of milk of almost all species of eutherian mammals 
is lactose. It has been suggested that lactose, a disaccharide may have been favored 
during the evolution of placental mammals because a given weight of lactose exerts 
only about half of the osmotic pressure of the same weight of a monosaccharide, such as 
glucose (Jenness, Regehr et al. 1964). Since milk appears to be necessarily isotonic with 
plasma, this may be advantageous both in conserving energy during the secretion of 
milk and in ensuring an adequate supply of water to the young (Linzell and Peaker 
1971). The tri- and tetrasaccharides found in monotreme milk would similarly be even 
more advantageous. However, the remarkably high fucose content of monotreme milk 
has not received an explanation yet. Conceivably, fucose may be essential for the 
growth and development of the suckling monotreme.  
 
 1.7.6  Role of monotreme milk in protection of eggs and hatchlings 
 
 Given the reproductive strategy of monotremes, microbial predation constitutes 
an important selective pressure on moist eggs and the hatchlings. The young ones that 
emerge from the eggs are reported to be in an extremely altricial state (Behringer, Eakin 
et al. 2006) and do not possess a fully developed immune system (Jurd 1994).  There 
are speculations that the survival of monotreme eggs and young is enhanced due to 
microbial inhibitors of cutaneous or mammary gland origin (Hayssen and Blackburn 
1985; Oftedal 2012). Moreover, a parallel observation that a reciprocal relationship 
exists between the defense agents that are transmitted in milk and those transmitted 
during fetal life via the placenta (Goldman 2012) further strengthens the theory. Since 
monotremes are aplacental (Goldman 2012), it is quite reasonable that besides being the 
sole source of nutrition for neonates, monotreme milk may play a central role in 
protecting immune-naive hatchlings until the complete development of their immune 
systems. 




  1.7.6.1  Absence of cathelicidins and defensins in platypus milk 
 
  Cathelicidins and defensins are the two major classes of antimicrobial 
peptide gene families in mammals and are important components of the innate immune 
system (Zanetti, Gennaro et al. 1995; Lehrer and Ganz 2002; Lehrer and Ganz 2002; 
Zaiou and Gallo 2002).  Some features of cathelicidins are already described in Section 
1.4.4. Besides being antimicrobial, cathelicidins also have roles in inflammation, cell 
proliferation and migration, immune modulation, wound healing, angiogenesis and the 
release of cytokines and histamine (Bals and Wilson 2003). Cathelicidins have been 
found to act synergistically with defensins which are a family of evolutionarily related 
antimicrobial peptides with a characteristic β-sheet-rich fold and a framework of six 
disulphide-linked cysteines. Defensins are present in plants, invertebrates and 
vertebrates and are of two main sub-families: α and β-defensins. They differ in the 
length of peptide segments between the six cysteines and the pairing of the cysteines 
that are connected by disulphide bonds (Ganz 2003). α and β-defensins have been found 
to be expressed in gastrointestinal tract, bone marrow, spleen, reproductive tract, skin, 
salivary glands and kidneys and exhibit antimicrobial activity against a range of 
organisms including bacteria, fungi and some viruses (Patil, Hughes et al. 2004; Patil, 
Cai et al. 2005). Additionally, β-defensins act as signaling molecules in the immune 
system (Soruri, Grigat et al. 2007). 
  Cathelicidins and defensins have been found to be expressed in the 
mammary gland of several different mammalian species such as humans (Jia, Starner et 
al. 2001; Murakami, Dorschner et al. 2005), marsupials (Daly, Digby et al. 2008; 
Wanyonyi, Sharp et al. 2011), mice (Murakami, Dorschner et al. 2005),  cattle (Roosen, 
Exner et al. 2004) and have exhibited roles in protecting the tissues of the mother as 
well as the young through their presence in milk. Their presence in monotreme milk 
could have indicated similar roles. The recent sequencing of the platypus genome has 
allowed the identification of a range of immune genes present in this species, specially 
the expansion of eight cathelicidin genes (Warren, Hillier et al. 2008) as well as eleven 
defensins genes (Whittington, Papenfuss et al. 2008). However, an attempt to ascertain 
the presence of cathelicidins and/or defensins in platypus milk was not successful. 
Chapter 1  General Introduction 
62 
 
Using reverse transcriptase PCR for RNA from a range of platypus tissues, it was found 
that cathelicidins were expressed in brain, kidney, liver, lung, spleen and testis. But, no 
evidence was found for expression of either cathelicidins or defensins in platypus milk 
cells suggesting that they may not be present in platypus milk (Whittington, Sharp et al. 
2009). More recently, another report described the functional testing for antimicrobial 
activity of in vitro synthesized cathelicidin peptides that were originally identified 
through platypus genome-data mining (Wang, Wong et al. 2011).   Surprisingly, even 
this attempt failed to confirm the expression of either of the cathelicidins in a sample of 
platypus milk that was available to them.  
  Several possibilities have been outlined to explain the observed absence 
of defensin and cathelicidin gene expression in platypus milk cells. One prospect is that 
cathelicidins and defensins may have emerged in milk only after the divergence of 
monotremes from the rest of the mammalian lineage. Secondly, it is possible that 
cathelicidins and defensins do express in platypus milk at a different stage in lactation 
to that of the sample that was analysed. This speculation arises because marsupials 
which are evolutionarily close relatives of monotremes are known to change their milk 
composition during lactation (Tyndale-Biscoe and Janssens 1988). However, because of 
the nature of the field studies associated with the collection of platypus milk wherein  
the wild animals are netted in a river and are not matched to burrows containing the 
young, it is impossible to determine the stage of lactation at which the sample was 
taken.  
  Alternatively, it is possible that bactericidal molecules such as lysozyme 
and transferrin present in platypus and echidna milk (Hopper and McKenzie 1974; 
Teahan, McKenzie et al. 1991; Blackburn 1993) may compensate for the lack of 
cathelicidins and defensins. Echidna milk is also known to contain immunoglobulins at 
stages where no immunoglobulins are present in the blood of the pouch young (Griffiths 
1978). 
  Yet another probability states that rather than being produced in the milk, 
cathelicidins and defensins may be produced by the young platypuses themselves. This 
would have an advantage of being protected against pathogens from the moment of 
hatching, rather than being delayed until suckling. Further, this strategy confers 
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protection on the young even whilst the mother is away from the burrow, foraging. This 
hypothesis is likely, considering that tammar wallaby neonates do produce cathelicidins 
(Daly, Digby et al. 2008) and avian hatchlings produce β-defensins (Bar-Shira and 
Friedman 2006). However, due to the complete lack of platypus neonatal tissues 
available for study, it is extremely difficult to test this hypothesis. Further, with the 
known past difficulties of breeding platypuses in captivity (Temple-Smith and Grant 
2001), research on breeding platypus colonies like those available for model marsupial 
species may remain a limitation for the foreseeable future. Also, ethical and wildlife 
conservation considerations prevent the removal of platypus hatchlings from wild 
populations. 
   It is quite likely that monotreme genomes have evolved under 
evolutionary pressure to protect their immunologically naïve young with broad 
spectrum antibiotics (Wang, Wong et al. 2011). Since their milk supports such a vast 
amount of development of the eggs and their subsequent hatchlings in the non- sterile 
environment, they may contain bioactive molecules not previously known (Sharp, 
Lefevre et al. 2007).  
    
1.8 THESIS PROPOSAL 
 The ability to lactate is a feature found only among mammals and involves a 
facet of maternal care wherein the mother nourishes her young one by secreting a 
nutrient- rich fluid i.e., milk through her mammary gland. Since evolutionary studies 
indicate that lactation was established prior to the divergence of the extant mammalian 
lineages, this thesis is focused on studying monotreme models to understand the 
evolution of mammary gland function. Monotremes are regarded as representatives of 
ancient mammals because they display an intriguing combination of reptilian and 
mammalian characters. Therefore, the main aim of the project was to evaluate 
monotreme models i.e., the echidna and platypus, in the context of understanding the 
primitive mammary gland and lactation process. 
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 1.8.1  Research objectives 
 
 The first objective was to examine and define changes in milk composition of 
the monotreme lactation cycle and compare these to the marsupial and eutherian 
lactation cycles. This was achieved by analyzing the total milk protein, carbohydrate 
and lipids using milk samples taken at different stages during the monotreme lactation 
cycle. 
 
 The second objective was to identify the genes associated with monotreme 
lactation that could give an insight into the evolution of mammary gland. In order to 
achieve this, a non-invasive sequencing approach was used wherein RNA sequencing 
and anlaysis was performed on the cells that were isolated from echidna milk, as these 
milk cells were representative of the monotreme mammary gland. In addition, the 
echidna milk cell transcriptome was compared with genes/proteins egg white, human 
amniotic fluid and placenta to identify common candidates that could be playing an 
important role in the completion of ex utero development of the echidna young. 
 
 The third objective was to identify and characterize factor(s) in monotreme milk 
that contribute for the protection of monotreme eggs and hatchlings in the non-sterile ex 
utero environments. To address this, a novel monotreme-specific gene was identified 
through cDNA sequencing of echidna milk cells and peptides belonging to the cognate 
protein were identified in echidna milk. Further, an equivalent recombinant protein was 
characterized through in vitro assays to be an antimicrobial protein with strain-specific 
activity.  
 
 1.8.2  Thesis outline 
  
 Chapter 1 provides the introduction, comprehensive review of literature for the 
project, the gaps and unanswered questions followed by the aims and objectives of the 
thesis. 
 
Chapter 1  General Introduction 
65 
 
 Chapter 2 focuses on the study of milk composition of echidna and platypus 
across their lactation cycles. Samples were collected at different stages of lactation and 
individual concentrations of total carbohydrates, proteins and lipids were measured and 
recorded. The changes in their compositions were analysed to understand the flexibility 
of relatively long lactation in monotremes to cater to the nutritional needs of the 
developing offspring in the ex utero environment. In addition, the morphological 
characteristics of monotreme milk casein micelles are described. 
 
 Chapter 3 describes the transcriptome analysis of echidna milk cells to gain an 
insight into the evolution of mammary gland. The materials and methods involved with 
isolation of milk cells from echidna milk and the subsequent RNA sequencing are 
clearly reported. The data acquired were processed through various in silico tools and 
analyzed in comparison with genes/ proteins of egg white, human amniotic fluid and 
placenta to identify putative bioactive proteins that could be playing important roles in 
completing the ex utero embryogenesis of the echidna young. 
 
 Chapter 4 deals with the identification of a novel, monotreme- specific gene 
annotated as EchAMP through cDNA sequencing of echidna milk cells. The expression 
profile of this gene in various tissues revealed that it is highly expressed in milk cells. 
Peptides belonging to the EchAMP protein were identified in echidna milk. Further, in 
silico analysis indicated a putative antimicrobial potential for EchAMP protein and this 
was further confirmed by in vitro assays using a host of bacteria. 
 
 Chapter 5 concludes the findings of the work and gives some future directions 
to this project. 
 
 This thesis has been written in the format of publishable papers. Chapter 4 has 
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 MILK COMPOSITION OF MONOTREMES 
 
2.1 INTRODUCTION 
 Dependency on milk is the key to the life strategy of all mammals. Milk has 
been designed by nature as the perfect biological fluid that is capable of providing all 
the nutrients and bioactives to the suckling infant postpartum. Fats, proteins, 
carbohydrates and minerals form the major components of milk and their compositions 
are highly variable between mammalian species (Neville and Picciano 1997). In 
general, eutherians have invested in extended intrauterine development of the young 
and produce a milk of relatively constant composition, apart from the initial colostrum 
(Lefevre, Sharp et al. 2010). By contrast, marsupials present a sophisticated and 
extended lactation program that is characterized by production of milk of constantly 
changing composition to support the development of altricial young that are born 
following a short pregnancy (Tyndale-Biscoe, Renfree et al. 1987). Unlike marsupials 
and eutherians, monotreme lactation has attracted limited investigation due to 
difficulties associated with sample collections. Nevertheless, some reports on 
monotreme milk components are available (Shaw, Messer et al. 1993; Sharp, Lefevre et 
al. 2007; Lefevre, Sharp et al. 2009). However, the existence of casein micelles in 
monotreme milk have not been described so far. In addition, it was unclear whether 
monotreme milk composition changed during the course of lactation. In an attempt to 
investigate these, the current study was conducted to determine the morphological 
structures of casein micelles. Further, the total carbohydrate, protein and lipids contents 
of monotreme milk collected across different stages of lactation were analysed. It has 
been found that casein proteins exist as micellar structures in monotreme milk, there by 
confirming the early mammalian origin of casein micelles. With respect to the milk 
composition, an increase in total carbohydrate and triglycerides towards late lactation 
was observed in the short-beaked echidna. While the total protein profile remained 
unchanged throughout, phase-specific changes in whey protein profiles were observed.  
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Interestingly, the total energy of echidna milk across lactation was nearly similar 
irrespective of differences in individual components.  
 
2.2 MATERIALS AND METHODS 
 2.2.1  Ethics approval 
 The work described in this thesis was performed in accordance with approved 
institutional guidelines (Deakin University, Australia and CSIR-Centre for Cellular and 
Molecular Biology, India). The work was carried out under the  permit from the 
Tasmanian Department of Primary Industries, Water & Environment, and the 
University of Tasmania Animal Ethics Committee, and through the University of 
Adelaide and research permits provided by South Australian Department of 
Environment and Heritage and complies with the Australian Code of Practice for the 
Care and Use of Animals for Scientific Purposes (2004)- Scientific License (SL100489) 
NSW Office of Environment and Heritage and NSW Department of Primary Industries 
Animal Research Authority (File No. AW2000/022 Trim AW 01/1091,   Trim 09/3535 
09 May 2011 and Trim 09/3535 May 2012).  
 
 2.2.2  Collection of monotreme milk 
 Milk was collected from lactating echidnas and platypuses at the time points and 
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Table 2.1: Collection of echidna milk 
Animal No. Date of collection Day of lactation Place 
7547 14-09-12 19 Tasmanian Southern 
Midlands 6D79 20-09-12 21 
7538 14-09-12 23 
0F24 05-09-12 26 
3929 13-01-12 140 
20-01-12 147 
27-01-12 154 (Weaned) 




23-02-12 180 (Weaned) 
02-03-12 187 (Weaned) 
4815 29-11-12 93 
17-01-11 144 
24-01-11 151 
Big Mamma 02-12-04 103 Kangaroo Island 
27-01-05 158 
 
Table 2.2: Collection of platypus milk 
Animal No. Date of 
collection 
Place 
FA514 02-01-04 Upper Shoalhaven river, New South Wales 




 Prior to milk collection, echidnas of Tasmania were anaesthetized while those of 
Kangaroo Island and the platypuses were lightly restrained. The animals were 
intramuscularly injected with 0.2 mL of synthetic oxytocin (2 IU, Syntocin, Sandoz-
Pharma, Basel, Switzerland). The mammary glands were gently massaged, squeezed 
and milk was collected into microfuge tubes. Samples were either centrifuged at 2000 g 
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for 5 minutes at 4°C to separate pelleted cells which were then stored at -80°C, or milk 
samples were stored fresh at -80°C until used and cells were pelleted after thawing.  
 
 2.2.3  Scanning Electron Microscopy 
 
 Milk samples from echidna (No. 7646) and  platypus (FA680) were diluted 
1:400 with autoclaved double distilled water. 10 μL of this was deposited on coverslips 
and allowed to dry inside a vacuum (20 mBar) operated desiccator overnight. The 
coverslips were then sputtered with gold particles (60 sec, 15 mA) by using polaron 
SC7620 sputter coater and then viewed under a scanning electron microscope (Hitachi, 
model S-3400N). The images collected were analysed using the ImageJ software 
(Version 1.47q) (Schneider, Rasband et al. 2012).  
 
 2.2.4  Carbohydrate estimation 
 
 The carbohydrate concentration of the milk samples were determined by using 
the phenol-sulfuric acid method in micro-plate format (Masuko, Minami et al. 2005). 
The platypus and echidna milk samples were diluted 400 times with autoclaved double 
distilled water. Glucose solution in a linear range of 5 μg/mL to 300 μg/mL were used 
as standards for the assay.  50 μL of the standards and diluted milk samples were taken 
in microfuge tubes in triplicates and 150 μL of concentrated sulfuric acid was added 
rapidly to each tube to cause maximum mixing. 30 μL of 5% phenol was added to each 
tube immediately. The tubes were then incubated at 90°C for 5 minutes. The contents of 
each tube were transferred to a 96-well plate and the absorbance was measured at 490 
nm. A standard curve was prepared by plotting the blank-corrected 490 nm reading for 
each glucose standard vs. its concentration in μg/mL. This standard curve was used to 
determine the carbohydrate concentration of milk samples.  All samples were assayed in 
triplicates.  
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 2.2.5  Total protein estimation  
 The protein concentration of the milk samples was measured by using the Micro 
BCA protein assay kit (Thermo Scientific, USA) which is based on the bicinchoninic 
acid formulation for the colorimetric detection and quantitation of total protein (Brown, 
Jarvis et al. 1989). The echidna milk samples were diluted 5000 times in autoclaved 
double distilled water. The platypus IC58 sample was diluted 1000 times while the 
other two samples were diluted 6000 times in water for the assay. BSA protein 
standards in the range of 0.5 μg/mL to 200 μg/mL were prepared in duplicates. 150 μL 
of each standard, water (as Blank) and diluted milk samples (in triplicates) were 
pipetted into a microplate well. 150μL of working reagent (composed of Micro BCA 
reagents A, B and C in the ratio of 25:24:1) was added to each well and the plate was 
shaken for 30 seconds on a plate shaker. The plate was incubated at 37°C for 2 hours. 
After cooling the plate to room temperature, the absorbance was measured at 562 nm 
using a plate reader. The average 562 nm absorbance reading of the Blank standard 
replicates was subtracted  from the 562 nm absorbance reading of all other individual 
standard and milk samples. A standard curve was prepared by plotting the average 
Blank- corrected 562 nm reading for each BSA standard vs. its concentration in μg/mL. 
Using this standard curve, the protein concentration of each milk sample was 
determined. All samples were assayed in triplicates. 
 
 2.2.6  Triglyceride estimation 
 The triglycerides present in the milk samples were determined by colorimetric 
method in micro-plate format (Fossati and Prencipe 1982) by using the Triglycerides kit 
(Crest Biosystems, India). The echidna milk samples were diluted 10 times with 
autoclaved distilled water. The platypus sample IC58 was diluted 10 times while the 
other two samples were diluted 50 times with sterile water for the assay. 2 μL of water 
(Blank), 2 μL of the triglycerides standard (200 mg/dL) and 2 μL of the diluted milk 
samples were taken in microfuge tubes. 200 μL of working reagent (composed of 
enzyme reagents Lipoprotein Lipase, Glycerol Kinase, L-alpha-glycerol-phosphate 
oxidase and Horseradish peroxidase) is added to each tube and mixed well. The tubes 
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were incubated at room temperature for 25°C for 15 minutes. The contents of each tube 
were transferred to a 96-well plate and the absorbance was measured at 505 nm against 
the Blank. The concentration of triglycerides in milk samples were then calculated by 
applying formula: Triglycerides in (mg/dL)= [Absorbance (Test)/ Absorbance 
(Standard)] X 200.  All samples were assayed in triplicate. 
 
 2.2.7  Statistics  
 Statistical comparisons were made by Unpaired t-test, and probability values 
<0.05 were taken to indicate statistical significance. 
 
 2.2.8  Separation of echidna whey proteins 
 100 μL of whole echidna milk were taken in a microfuge tube and 200 μL of 
phosphate-buffered saline was added. The contents were mixed well and spun at 16,000 
g for 20 minutes at 4°C. After centrifugation, the upper lipid layer, the intermediate 
whey and the casein pellet were noticed. The lipid layer was pierced through with a 
micropipette tip and the whey portion was transferred to a different microfuge tube.  
 
 2.2.9  SDS-PAGE, In- gel trypsinization and Mass spectrometry 
 For qualitative analysis, 30 μg of echidna whey proteins were  electrophoresed 
for 3 hours at 100 V using a 12% SDS-polyacrylamide gel, following the method of 
Laemmli (Laemmli 1970; Sambrook and Russell 2001). After staining the gel with 
Coomassie Blue, bands A, B and C were excised from the gel and subjected to in-gel 
trypsin digestion (Shevchenko, Tomas et al. 2006). The stained bands were cut into 1 x 
2 mm pieces with a clean scalpel blade and transferred to 1.5 mL polypropylene 
microfuge tubes. The gel pieces were washed with 200 μL of 100 mM ammonium 
bicarbonate for 5 minutes and the supernatant  was discarded after pulse centrifugation. 
The coomassie stain was removed by incubating gel pieces with 200 μL of 100 mM 
ammonium bicarbonate and  50% acetonitrile solution (1:1) for 30 minutes in a 
Chapter 2              Milk composition of monotremes 
73 
 
sonicating water bath. The supernatant was then removed and discarded after pulse 
centrifugation. This step was repeated until the gel pieces were cleared. 200 μL of 
acetonitrile was then added and incubated for 10 minutes until the gel pieces shrunk 
(turned white and stuck together), and the supernatant was discarded after spinning by 
pulse centrifugation. The gel pieces were dried in a vacuum centrifuge for 10 minutes. 
They were then subjected to re-swelling with 150 μL of freshly prepared 10 mM DTT/ 
100 mM ammonium bicarbonate and incubated for 1 hour at 56°C to reduce the 
proteins. The samples were cooled to room temperature and spun to discard the 
supernatant. Again, 200 μL of acetonitrile was added, incubated for 10 min until gel 
pieces shrunk, and then spun by pulse centrifugation to discard the supernatant. The 
cysteines were alkylated with 150 μL of freshly prepared 50 mM iodoacetamide/ 100 
mM ammonium bicarbonate and incubated in the dark at room temperature for 20 
minutes.  Again the samples were spun and supernatant was discarded. To remove 
excess iodoacetamide, the samples were incubated with 200 μL of  100 mM ammonium 
bicarbonate for 10 minutes, spun and supernatant was discarded. For in-gel enzyme 
digestion, 200 μL of  acetonitrile was added and incubate for 10 minutes until gel pieces 
shrunk. They were spun to remove as much liquid as possible, then dried in a vacuum 
centrifuge for 20-30 minutes. Sufficient enzyme solution (freshly prepared trypsin at 10 
μg/ mL in 10 mM ammonium bicarbonate containing  5% acetonitrile ) was added to 
just cover the gel pieces  and incubated for 30 minutes at 4°C and extra enzyme solution 
was added if needed to fully re-swell the gel pieces. The samples were incubated 
overnight at 37°C. The next day, 150 μL of 50% acetonitrile in 0.1% TFA was added 
for peptide extraction.  The samples were incubated in a sonicating water bath for 30 
minutes, spun and the supernatant containing peptides were transferred to a clean 1.5 
mL microfuge tube. This step was repeated twice and the supernatants were pooled. In 
order to reduce the volume of pooled extracts, the samples were kept in a vacuum 
centrifugation till the volume was approximately 30 μL. 
 In order to desalt, concentrate and purify the peptides, 10 μl ZipTips (Merck 
Millipore) containing C18 resins were used according to the manufacturer’s 
instructions. The peptides were finally eluted with 8 μl of 60% acetonitrile containing 
0.1% trifluoroacetic acid. They were subsequently dried and reconstituted in 15 μl of 
5% acetonitrile containing 0.1% formic acid and 13 μl was loaded onto linear trap 
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quadrupole (LTQ)-Orbitrap Velos instrument (Thermo Fisher Scientific). The analysis 
of the acquired peptide profile was performed using the Monotreme transcriptome 
database (www. http://mamsap.it.deakin.edu.au).  All the peptides listed obtained a 
score > 40 and an e-value < 0.1 
 
2.3 RESULTS 
 2.3.1  Morphological characterization of monotreme casein micelles 
 Scanning electron microscopy was performed for diluted samples (1:400 ) of 
echidna and platypus milk. Casein micelles were identified as discrete spherical units 
(Figure 2.1 and Figure 2.2). The sizes of 30 individual micelles of platypus and echidna 
milk were measured using the ImageJ software (Version 1.47q). The average size of a 
platypus casein micelle was 248.85nm while the average size of an echidna casein 
micelle was found to be 202.30nm (Figure 2.3). 




Figure 2.1: Morphology of platypus casein micelles  
Scanning electron micrographs  showing casein  micelles in platypus milk, viewed at different 
magnifications (A) 13000 X (B) 27000 X (C) 40000 X and (D) 47000 X. Scale bars are shown. 
 
 




Figure 2.2: Morphology of echidna casein micelles 
Scanning electron micrographs showing casein  micelles in echidna milk, viewed at different 
magnifications (A) 9000 X (B) 9000 X (C)17000 X and (D) 35000 X. Scale bars are shown. 
 




Figure 2.3: Size estimation of casein micelles in monotreme milk 
Size was determined by measuring the diameter of micelles visualized by scanning electron 
microscopy. Each box represents data points within the 95% confidence interval for each 
sample. The line within each box represents the medians; box limits indicate the 25th and 75th 
percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from 
the 25th and 75th percentiles and outliers are represented by dots. n = 30 for both platypus and 
echidna. Error bars are shown.  
 
 2.3.2  Milk composition of Tasmanian echidna (Tachyglossus aculeatus setosus) 
 
 The Tasmanian echidna lactation period extends between 195-200 days. Milk 
samples were collected from different animals and at various stages of lactation cycle.  
A total of 16 samples were collected from Hobart spanning day 19 to day 187 of 
lactation. The total carbohydrate concentrations of all echidna samples from Hobart 
represented by their day of lactation are depicted in Figure 2.4. Carbohydrate content 
was consistently low (~7 mg/mL) during the first 140 days of lactation but spiked to 
higher levels (15-25 mg/mL) from 142- 187 days (P< 0.0001). 




Figure 2.4: Total carbohydrate profile of Tasmanian echidna milk 
Carbohydrate determinations were performed on Tasmanian milk collected across the entire 
lactation period and showed significantly higher concentrations during late lactation (day 142- 
187) as compared to earlier days (P<0.0001; n=16). 
 
 The total protein concentration of echidna milk collected across the lactation 
period did not significantly change and remained at about 150 mg/mL, however animal 
variation was observed (Figure 2.5).  
 
Figure 2.5: Total protein profile of Tasmanian echidna milk  
Total protein concentrations were determined from milk obtained across the entire lactation 
period (days 19-187). The total protein content did not quantitatively change significantly 
across lactation (P>0.05; n=16). 
 
 Total triglyceride of echidna milk collected across the entire lactation period 
showed that the concentration remained consistent at an average of 68 mg/mL during 
the first few days of lactation (19-23 days). After a minor dip in concentration around 
day 26, it remained at an average of 41 mg/mL between days 93-142. A spike in 
concentration was observed during days 147-150 (average 102 mg/mL), following 
which a gradual increase was observed towards late lactation and weaning (average 61 
mg/mL) (P<0.05) (Figure 2.6). 




Figure 2.6: Total triglyceride profile of Tasmanian echidna milk  
Total triglyceride concentrations were determined from milk obtained across the entire lactation 
period (days 19-187).The total milk triglycerides were lower during the first 142 days of 
lactation but increased during the following ~50 days (P< 0.05; n=16). 
 
 
 The gross energy content of echidna milk was estimated from the concentration 
of its components: carbohydrates, protein and lipids. The gross energy values were 
assumed as 24.6 kJ g-1 for protein, 16.1 kJ g-1 for carbohydrates and 38.1 kJ g-1 for 
lipids (Oftedal 1984). The total energy (in kJ/g) of echidna milk across lactation was 
nearly similar (Figure 2.7) irrespective of differences in individual components. 
 
Figure 2.7: Total energy of Tasmanian echidna milk across the lactation period 
The total energy (in kJ/g) of echidna milk across the lactation period remained constant 
irrespective of differences in individual components. 
 
 
 2.3.3  Whey protein profile of Tasmanian echidna (Tachyglossus aculeatus 
setosus) milk across lactation 
 For qualitative analysis of short- beaked echidna milk whey proteins, the milk 
samples were separated into casein and whey fractions and 30 μg of the whey proteins 
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were run on a 12% SDS- polyacrylamide gel under denaturing conditions (Laemmli 
1970; Sambrook and Russell 2001). Although the prominent bands looked similar 
across lactation, presence of a few phase-specific bands were observed. Lactotransferrin 
band was present in samples from all phases  with nearly equal intensity and this was 
identified through mass spectrometry with a significantly high confidence. Early 
lactation samples represented by E1 (day 19) and E2 (Day 21) contained relatively more 
bands between 188 kDa and 49 kDa as compared to the rest of the samples. Bands A 
and B were prominent in early lactation samples while they were absent in days 93-187. 
Band C was found to appear during  peak lactation and continued to be faintly present 
in post weaning samples (Figure 2.8). 
 
Figure 2.8: Whey protein profile of Tasmanian echidna milk across lactation 
Whey proteins prepared from echidna milk were visualized using SDS PAGE and Coomassie 
staining. Samples E1 and E2 represent early lactation (days 19 and 21); E3 and E4 represent 
peak lactation (days 93 and 140)  while E5 and E6 represent late lactation (days 150 and 154). 
E7-E8 represent samples post the weaning of the young (days 108 and 187). Bands A and B 
were specific to early lactation while band C was present in peak, late and post weaning 
samples. 
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 In order to identify the proteins present in bands A, B and C, the bands were 
excised from the gel and analyzed by mass spectrometry using the linear trap 
quadrupole (LTQ)-Orbitrap Velos (Thermo Fisher Scientific, Bremen, Germany). Band 
B was unable to be identified conclusively while bands A and C showed results for 
more than one protein. The identification of peptides present in each band are given in 
Table 2.3.  
Table 2.3: Identification of echidna whey proteins by mass spectrometry 
Band Annotation Score Molecular weight 
Band A Ovostatin 1156 161.974 kDa 
Alpha-2-
macroglobulin 
753 145.968 kDa 
Band B No clear result obtained 
Band C Lysozyme 1197 16.343 kDa 
WFDC2 970 16.132 kDa 
Prolactin inducible 
protein 
461 12.230 kDa 
 
 
 2.3.4  Milk composition of Kangaroo Island echidna (Tachyglossus aculeatus 
multiaculeatus) 
 In order to compare the milk composition between wild echidnas captured from 
different areas of Australia, the results obtained from Tasmanian echidna milk were 
compared to Kangaroo Island echidna milk. Due to limitations of milk availability, the 
Kangaroo Island echidna milk was collected twice from one animal on days 103 and 
158 of lactation. The total carbohydrate, protein, and triglyceride concentrations in 
Kangaroo Island echidna milk samples were found to be 11.24 mg/mL, 131 mg/mL and 
21.33 mg/mL respectively (Figure 2.9 A-C). When compared to Tasmanian echidna 
population during peak lactation (~day 20-140), the protein concentrations correspond 
to similar levels while the carbohydrate and triglyceride concentrations were 
significantly different (P<0.05). 
 







Figure 2.9: Milk composition of Kangaroo Island echidna 
 Milk composition of one animal on days 103 and 158 of  lactation. (A) Total carbohydrate (B) 
Total protein and (C) Total triglycerides 
 
 2.3.5  Milk composition of platypus (Ornithorhynchus anatinus) 
 
 An estimation of total carbohydrate, protein and triglycerides content in four 
platypus milk samples were performed. The four milk samples fell in into 2 groups: 2 
milk samples showed low carbohydrate (4-7 mg/mL), low protein (30 mg/mL) and low 
triglyceride (15 mg/mL) while the other two milk samples showed high carbohydrate 










Figure 2.10: Platypus milk composition 
(A) Total carbohydrate (B) Total protein and (C) Total triglycerides 
 
2.4 DISCUSSION 
 Monotremes are the only egg-laying mammals and are regarded as the only 
extant  representatives of ancient mammals.  The role of milk in the development of 
monotreme young has not been previously established and is predicted to support the 
vast extended growth and development of the young during the period of suckling, 
which is prolonged relative to gestation and incubation of eggs (Griffiths 1978). 
Although monotreme milk has not been extensively studied, some of the main 
components such as the caseins (Lefevre, Sharp et al. 2009), and whey proteins 
including alpha-lactalbumin (Shaw, Messer et al. 1993; Messer, Griffiths et al. 1997), 
lysozyme (Guss, Messer et al. 1997), WAP and WFDC2 (Sharp, Lefevre et al. 2007) 
have been described. However, a description on the existence of casein micelles in 
monotreme milk has not been reported. Further, it was unclear whether the monotremes 
changed their milk composition to suit the requirements of the young, similar to their 
nearest evolutionary relatives, the marsupials. 
A B
C 
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 The major protein constituents of milk are caseins which interact with calcium 
phosphate, forming large stable colloidal particles termed as micelles. The physical 
linkage of casein genes as seen in the casein loci of all mammalian genomes has also 
been observed in platypus (Lefevre, Sharp et al. 2009). Additionally, a recent 
duplication of the β-casein gene is reported to have occurred in the monotreme lineage 
(Lefevre, Sharp et al. 2009) contrast to the duplications of α-caseins in the eutherian 
lineage (Rijnkels 2002). In an attempt to describe the organization of monotreme casein 
micelles, scanning electron microscopy was performed on diluted platypus and echidna 
milk samples. Distinct spherical structures of micelles were observed and the average 
size of platypus and echidna casein micelles were 248.85 nm and 202.30 nm 
respectively. Monotreme casein micelles are slightly larger in size than bovine casein 
micelles whose average size is 100-200 nm (Holt 1992; De Kruif 1998). This supports 
previous observations based on the separation of monotreme caseins from whey 
proteins at a lower RCF (48,200 g, 30 minutes) than that for bovine casein micelles 
(1,05,000 g, 90 minutes) (Teahan, McKenzie et al. 1991). Further, platypus casein 
micelle size appears to be very similar to marsupial casein micelles which are reported 
to have an average size of ~244nm (Horne, Anema et al. 2007). Although the individual 
casein proteins participating in the formation of casein micelles in monotreme milk 
needs to be established, the expression of all types of caseins  and their variants in 
platypus and echidna milk cells (Lefevre, Sharp et al. 2009) possibly indicate the 
participation of their cognate proteins is the same. 
 The confirmation that caseins have an early mammalian origin has already been 
determined based on the divergence into the three primary types- α, β and κ-caseins 
before the separation of monotremes, marsupials and eutherians and each type is found 
in all three taxa (Rijnkels 2002; Rijnkels, Elnitski et al. 2003; Lefevre, Sharp et al. 
2009; Lefevre, Sharp et al. 2010). It is claimed that the process of different caseins 
involved in the formation of complex micelles stabilized by calcium and phosphate 
bonds occurred through an unknown evolutionary course (Smyth, Clegg et al. 2004). 
The observation of micelles in monotreme milk in the present study immediately 
demonstrates that the micellar association of caseins came into existence during the 
Permian and Triassic periods, i.e., between 208-290 million years ago, as indicated by 
Oftedal (Oftedal 2012). Accordingly, this would have occurred long before the earliest 
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split in the mammalian phylogeny that established the Prototheria (monotremes),  
separated from the Theria about 166-220 million years ago (Lefevre, Sharp et al. 2010).  
 In the present study, a total of eighteen echidna milk samples were analysed  
from  seven animals for total carbohydrate, protein and triglyceride concentrations 
across the suckling period spanning day 19 to day 187 of lactation including the 
weaning period (days 180 and 187). The carbohydrate content in milk collected across 
the lactation period indicated that it is relatively less during the first 140 days of 
lactation and increased  nearly 3- fold during the following ~50 days (averages 0.72% 
and 2.028% respectively; P< 0.0001). It has been previously reported that echidnas 
from Tasmania wean the young at 139-152 days (Morrow and Nicol 2013). The 
observed increase in carbohydrate concentration towards late lactation can be correlated 
to the timing of exit of the young from the burrow for exploratory foraging, while the 
mother is still lactating (Morrow and Nicol 2013). The pattern of carbohydrate 
concentration across lactation observed in echidna milk contrasts with that observed in 
marsupial milk. In the herbivorous tammar wallaby (Macropus eugenii), the lactation 
cycle is divided into 4 four phases according to milk composition: phase 1 is defined by 
pregnancy, phase 2A is defined by the period during which the pouch young remains 
attached to the teat for the first 100-110 days and phase 2B comprises of the period 
when the young relinquishes the teat and suckles less frequently while remaining 
permanently in the pouch for an additional 90-100 days (Nicholas, Simpson et al. 1997). 
During this time, milk carbohydrate concentration is high while protein and fat are low. 
Phase 3 lactation occurs from 200-300 days post partum when the young begins to leave 
the pouch and eat herbage. During this time the mother secretes a more concentrated 
milk that is low in carbohydrate but high in fat and protein which is predicted to meet 
the energy requirement of the young (i.e., increase in mobility) in addition to 
compensate for the increased ingestion of carbohydrates from herbivorous diet 
(Nicholas, Simpson et al. 1997). The carbohydrate profile of the tammar wallaby milk 
therefore changes from an average of 6% during phase 2A and 2B to around 1% in 
phase 3. The pattern of changes in milk carbohydrate concentration of the carnivorous 
common brushtail possum (Trichosurus vulpecula) is similar to that seen in other 
marsupials during early and mid-lactation but not late lactation. In the milk of brushtail 
possum, carbohydrate concentration is 3-5% in  early lactation and rises to about 11% 
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during mid-lactation and remains high throughout late lactation. Therefore the brushtail 
possum milk composition is more similar to the echidna milk composition during 
lactation with later phase milk maintaining higher levels of carbohydrate than early 
lactation (Crisp, Cowan et al. 1989). The increased carbohydrates in echidna milk 
towards late-lactation could be involved in growth promotion of beneficial commensal 
gut flora by acting as receptor analogues for epithelial cells to prevent the adhesion of 
pathogens or by inactivating toxins, similar to the observation that was made with 
oligosaccharides in human milk (Newburg, Pickering et al. 1990). Moreover, 
carbohydrates are important for preventing microbial invasion of the lactating 
mammary areolae and/or the digestive tract of the young given that oligosaccharides 
and mucin in milk are in general, significant  protective factors (Severin and Wenshui 
2005).  
 Previously, an effect of diet on the milk fat content of echidna has been 
demonstrated (Griffiths 1978).  This may account for the observed variation of milk fat 
between different animals in the current study. Broadly, the triglyceride concentration 
in echidna milk across lactation showed a similar trend as carbohydrate, although not 
very striking. The significant dip (P< 0.0001) in the concentration of milk triglycerides 
observed on day 26 after consistent levels during the early days (day 19-day 23) should 
be interpreted with caution as the concentrations from days 93-142 were nearly similar 
to those before day 26. Nevertheless, the total milk triglycerides were  relatively less 
during the first 142 days of lactation and increased about 1.5 fold during the following 
~50 days (averages 4.75% and 7.323% respectively; P= 0.0137). A sharp spike was 
observed around day 150 which interestingly again coincides with the timing of 
weaning and the exit of young from the burrow while the mother continues to lactate 
(Morrow and Nicol 2013). Further, an increasing trend in triglyceride concentration was 
observed during late-lactation (days 154-174) despite the samples belonging to the same 
animal. A high lipid content in milk during late lactation is characteristic of all species 
of marsupials when the young leave the pouch (Cowan 1989)  despite the distinctive 
folivorous, herbivorous and carnivorous diets of brushtail possum, tammar wallaby and 
eastern quoll, respectively (Green, Merchant et al. 1987; Cowan 1989; Nicholas, 
Simpson et al. 1997). Therefore, echidna milk is similar to marsupial milk during 
lactation with respect to higher levels of triglycerides in later phase milk relative to 
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earlier phases (Nicholas, Simpson et al. 1997). Such an increase in lipid content during 
late lactation is speculated to meet the energy demands of the young echidna because of 
its gradual increase in foraging activities to consume an adult diet during late lactation, 
prior to complete weaning (Morrow and Nicol 2013), similar to that observed in 
marsupials (Nicholas, Simpson et al. 1997). Additionally, the relatively high lipid 
content in echidna milk as compared to eutherian milk (Griffiths, Green et al. 1984) can 
be related to their infrequency of suckling as the young may generally not take in milk 
for 3-4 days at a time. However, the young of Tasmanian and Kangaroo Island echidnas 
are capable of taking in an amount of milk  that is equal to about 20% and 11-46% of 
their live weight at a single nursing respectively (Rismiller and McKelvey 2009; 
Morrow and Nicol 2013).  
 Meanwhile, it is interesting to note that although the quantitative change in the 
total protein profile in Tasmanian echidna across lactation is not significant (P>0.05), 
the corresponding whey protein profile is qualitatively different. It is known that newly 
hatched echidnas are hairless and unpigmented, with well developed front limbs while 
the hind limbs are only small stumps lacking distinct toes and claws (Morrow and Nicol 
2013). With maximum growth and development occurring during the period of 
suckling, the total protein profile across lactation appears appropriate as milk protein is 
their only source of amino acids for building muscles, hair, spines, toes and claws 
between hatching and 150 days of age when the young begin to wean (Morrow and 
Nicol 2013). On the other hand, phase- specific changes in whey protein profile in 
echidna milk does present an interesting scenario, similar to what has already been 
reported in marsupials (Brennan, Sharp et al. 2007). In the present study, 
lactotransferrin band was identified in samples from all phases and this was in complete 
agreement with previously published reports (Teahan and McKenzie 1990). Three 
proteins were detected to be differentially regulated during the echidna lactation period. 
Band A, which was observed to be prominently expressed during early lactation (days 
19-21) but was absent during days 93-187, was characterized to contain peptides 
corresponding to ovostatin (formerly known as ovomacroglobulin) and alpha-2-
macroglobulin (A2M), both of which are protease inhibitors. Ovostatin is known to act 
on a wide range of endoproteinases including thermolysin (a proteinase requiring a 
metal ion) and collagenase. In birds, it is synthesized in the oviduct and accumulates in 
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the egg white (Nagase and Harris 1983). Alpha-2-macroglobulin is a key member of 
alpha macroglobulin superfamily that is synthesized by the liver and is present in the 
body fluids of both invertebrates and vertebrates (Rehman, Ahsan et al. 2013). Despite 
diversified functions, it is primarily known by its ability to inhibit a broad spectrum of 
proteases without the direct blockage of the protease active site (Rehman, Ahsan et al. 
2013). Further, a high affinity to endocytosis receptor in addition to its structural 
features allows A2M to effectively protect the organism during direct contact with 
pathogen and also to have an immunomodulatory impact on immunocompetent cells of 
adaptive immunity (Zorina and Zorin 2013). Following a similar pattern, band B was 
present only in early lactation while it disappeared from the rest. The appearance of 
band C during peak lactation and continuing in post weaning samples is in agreement 
with a description made in an earlier report on whey proteins in early and late milks of 
Tachyglossus aculeatus multiaculeatus (Joseph and Griffiths 1992). Peptides from band 
C corresponded to proteins lysozyme, WFDC2 and prolactin inducible protein (PIP). 
While lysozyme is a common milk protein with antibacterial properties (Zimecki and 
Kruzel 2007), WFDC2 is a member of a large family of WAP four disulfide core 
(WFDC) proteins and is also known as human epididymis 4 (HE4) (Bingle, Cross et al. 
2006). Previously, WFDC2 gene expression has been reported in echidna, platypus and 
tammar wallaby lactating cells (Sharp, Lefevre et al. 2007). In tammar wallaby, 
WFDC2 gene was found to be expressed only during pregnancy, early lactation, 
towards the end of lactation and involution and the cognate protein exhibited 
antimicrobial properties  (Watt, Sharp et al. 2012). Similarly, PIP is yet another protein 
found in several exocrine tissues such as lacrimal, salivary, sweat glands, seminal 
plasma, submucosal glands of the lungs and amniotic fluid (Viacava, Naccarato et al. 
1998). Rat PIP gene expression has been detected in the sub- mandibular gland in mid, 
late- embryonic and in early postnatal development, a period that coincides with the 
initiation of submaxillary salivary gland development. This suggests that PIP may have 
a functional role in a developing gland by facilitating branching and morphological 
differentiation (Mirels, Hand et al. 1998). It may be of context to note that wallaby PIP 
has also been identified from the cDNA library comprising of ESTs prepared from a 
lactating mammary gland (Lefevre, Digby et al. 2007). This, together with the secretion 
of PIP in echidna milk may link the temporal and spatial expression of the cognate gene 
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between these species and suggests that presence of PIP in their milk could actually be 
performing an analogous function as PIP in eutherian embryonic fluids but with a 
different delivery mechanism. Further, the observations that human PIP is up-regulated 
during conditions of mastitis (Sharp and Nicholas, unpublished data) and mouse PIP 
present in saliva can bind to bacteria in the oral cavity (Lee, Bowden et al. 2002), 
suggest that echidna PIP is involved in the protection of young and/or the mammary 
gland against infection by binding to bacteria and possibly as an immunomodulator in 
the young. Taken together, it appears that echidna milk comprises of many novel whey 
proteins that are secreted at specific stages, all of which are aimed at protecting the 
suckling young. The data from the current study further strengthen the speculation that 
monotreme genomes have evolved under evolutionary pressure to protect 
immunologically naive young with broad spectrum antibiotics (Wang, Wong et al. 
2011).  
 Total energy (in kJ/g) of echidna milk across lactation was nearly similar 
(P=0.5) irrespective of differences in individual components. This again contrasts with 
marsupial lactation where the total energy content of milk changes with the stage of 
lactation (Trott, Simpson et al. 2003). The  analogous total derivable energy from milk 
in echidna could be due to the young echidna’s lack of insulating fur and their large 
surface area to volume ratio, indicating that the energy expenditure required for 
homeothermy would be high. Therefore, in order to maintain a constant body 
temperature, the young would have to divert energy from growth to thermogenesis 
(Morrow and Nicol 2013). Further, echidnas are not known to insulate their nursery 
burrows with nesting material and therefore the young are directly exposed to soil 
temperature. In this context, the total energy derivable from milk, with it being the only 
source of energy, would be an extremely important criteria for the suckling young. In 
addition, energy transfer from dam to young is going to largely be explained by milk 
yield. Although we have no information about how much the young drink at various 
stages of lactation, this is an important point and warrants further investigations. 
 It appears that during lactation in echidna, regulatory mechanisms exist to 
regulate changes in milk carbohydrate and triglyceride concentration across the suckling 
period. It is known that a number of genes that are implicated in food digestion in the 
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stomach, in addition to genes encoding proteins implicated in stomach development 
have specifically been deleted or inactivated in monotremes (Ordonez, Hillier et al. 
2008). This has resulted in anatomical and physiological differences in gastrointestinal 
tract between monotremes and other vertebrates, including small size, lack of glands, 
and high pH of the monotreme stomach (Ordonez, Hillier et al. 2008). To overcome the 
loss of a functional stomach, additional strategies have been adopted by monotremes to 
accomplish efficient digestion. They include an insectivorous diet which is easily 
digestible, the presence of specific anatomical structures, such as grinding plates or 
cheek-pouches which allow food trituration and storage and the putative occurrence of a 
characteristic gastrointestinal flora that aid in digestion (Ordonez, Hillier et al. 2008). 
 From an evolutionary perspective, it would be fair to speculate that monotremes, 
as the primitive mammals, regulate carbohydrate and triglyceride concentration in milk 
across their relatively long lactation periods to suit the requirements of the hatchlings 
and the subsequent young before they move over completely to their insectivorous diet. 
The protein compartment appears to be qualitatively regulated while quantitatively it 
remains similar throughout. With time, marsupials evolved viviparity and established 
relatively complex mechanisms in order to regulate the quantitative and qualitative 
changes in milk composition (i.e., carbohydrates, lipids and proteins) throughout 
lactation following the birth of altricial young (Nicholas, Simpson et al. 1997). In 
eutherians, the mother gives birth of the live young after an extended period in utero 
and the mammary gland typically secretes a milk of nearly constant composition 
throughout lactation. It is predicted that the extended in utero development of the 
embryos with all support and sustenance available from the mother through the placenta 
resulted in the reduction of complexity in regulation of milk composition during 
lactation, relative to monotremes and marsupials.   
 Since significant differences are known to exist between echidnas from different 
areas of Australia with respect to maternal care (Morrow, Andersen et al. 2009), in the 
present study, two milk samples belonging to 103rd  and 158th day of lactation of an 
echidna from Kangaroo Island population were also analysed for their total 
carbohydrate, protein and triglycerides concentrations. Although the sample numbers 
were too low to derive any interpretations, when comparisons were done with their 
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respective counterparts observed in Tasmanian samples belonging to peak lactation 
(~day 20-140), the differences in protein concentrations were not significant (P>0.05) 
while the differences in triglyceride and carbohydrate concentrations were very 
significant (P<0.05). 
 Milk composition was studied from four platypus samples that were available. 
While the mothers are out foraging, platypus young remain in the nesting burrows from 
the time of hatching from the egg until they emerge from the burrows and quickly 
become independent from the mother (Grant 2007). Therefore, it is not possible to 
determine the stage of the mother’s lactation, except from the time in the normal 
lactation season for a particular area. For example, in the southern tablelands of New 
South Wales, a few individuals begin lactating as early as late September and some, 
presumably later breeders, may still be lactating by the end of March. However, most 
females are lactating between November and late February (Grant, Griffiths et al. 1983; 
Grant, Griffiths et al. 2004). Thus, study of platypus lactation awaits opportunistic 
sampling. The trends observed in the current data with two samples consistently 
showing  low carbohydrate,  low protein and low triglyceride while the remaining 
showed high carbohydrate, high protein and high triglycerides is intriguing and enables 
speculation of the existence of specific phases in platypus lactation with respect to milk 
composition, in order to suit the requirements of the suckling young. However, more 
investigations would be needed to confirm the same. Nevertheless, the average 
triglyceride concentration in platypus milk (about 11.44%) is significantly higher than 
that observed in echidna milk across lactation (about 5.8%) and this could be a 
reflection of its adaptation to semi-aquatic lifestyle. In general, lipidǦrich energyǦdense 
milk is an important strategy to repeated fasting periods of suckling young while the 
mothers forage away for food, during which time a large proportion of the young one’s 
nutrition is used for maintenance rather than growth (Trillmich and Lechner 1986). 
 
2.5 CONCLUSIONS 
 Monotreme milk is regarded as an ancestral form of milk and its role in growth 
and development of the young is yet to be fully established. The observation of micellar 
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associations of caseins in monotreme milk in the current study agrees and confirms that 
the major secretory products of mammary gland, i.e., the casein micelles are structurally 
similar across all mammals and this arrangement was well established before the 
divergence of mammals. Further, unlike in eutherians which produce a milk of 
relatively constant composition apart from the initial colostrum, the data from this study 
on echidna lactation indicate that its milk composition changes during the lactation 
period. Specifically, the carbohydrate and triglyceride concentrations were shown to 
increase towards late lactation, while the protein profile quantitatively remained similar 
throughout although phase-specific changes in whey protein profiles were observed. 
This is predicted to aid the young echidna in a transition from milk to an insectivore diet 
rich in protein, while phase-specific novel milk whey proteins provide protection to the 
suckling young against microbial insults. This concept of phase-specific changes in 
echidna milk composition is comparable (but not reciprocal) to that of marsupials.  
However, marsupial appears to have developed a more complex mode of milk 
composition modulation with additional changes in protein concentrations during the 
lactation period. In contrast, eutherians  have evolved a strikingly different strategy of 
extended in utero development of the embryos with all support and sustenance available 
from the mother through the placenta, and the birth of a highly developed young. This 
has resulted in the reduction of complexity in regulation of milk composition during 
lactation which reflects in their milk of relatively constant composition across, in 
comparison to monotremes and marsupials which produce altricial young.  
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RNA-SEQ TRANSCRIPTOME ANALYSIS OF  
ECHIDNA MILK CELLS  
 
3.1 INTRODUCTION 
 Lactation is an important facet of mammalian biology. It is a complex 
phenomenon involving various adaptations such as morphological, physiological, 
biochemical, ecological and behavioral. Evolutionary studies indicate that lactation was 
established prior to the divergence of the extant mammalian lineages (Blackburn, 
Hayssen et al. 1989; Oftedal 2002). Understanding the processes involved in the 
primitive form of lactation during evolution is an important area of study for both 
molecular  and evolutionary biologists. Monotremes, with their fascinating combination 
of reptilian and mammalian characteristics, occupy a very strategic position in the 
mammalian tree of life. Therefore, study of their lactation may provide insights into the 
evolution of milk as they are the only extant representatives of ancient mammals.  
 Until recently, studies on eco-evolutionary model species to explore the 
important layer of biological information between genotype and phenotype were simply 
not accessible. Historically, such studies were confined to small-scale approaches such 
as quantitative PCR analyses of candidate genes or cross-species hybridization on  
microarrays (Wolf 2013). However, with the rapid development of massively parallel 
sequencing (or next-generation sequencing) and the maturation of analytical tools 
during the last few years, the situation has changed vividly. This has created a realistic 
option for performing whole genome or whole transcriptome analyses of non-model 
organisms (Wolf 2013).  
 RNA sequencing (also known as whole-transcriptome shotgun sequencing) 
involves the use of high-throughput sequencing technologies for characterizing the 
RNA content and composition of a given sample. Since the data from RNA-seq are 
directly derived from functional genomic elements, i.e., mostly protein-coding genes, it 
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holds an advantage over other next-generation approaches such as the restriction-site-
associated DNA tags (RAD) (Baird, Etter et al. 2008), multiplexed-shotgun genotyping 
(MSG) (Andolfatto, Davison et al. 2011) or genotyping-by-sequencing (GBS) (Elshire, 
Glaubitz et al. 2011). Although in good agreement with microarrays in the context of 
relative gene expression quantification (Nookaew, Papini et al. 2012), RNA-seq at 
sufficient coverage captures a wider range of expression values and as a digital measure 
(count data), it scales linearly even at extreme values (Wolf 2013).  
 Numerous studies have examined the gene expression in the mammary glands of 
mouse (Anderson, Rudolph et al. 2007), cow (Finucane, McFadden et al. 2008), goat 
(Ollier, Robert-Granie et al. 2007), pig (Shu, Chen et al. 2012) and tammar wallaby 
(Lefevre, Digby et al. 2007) by performing mammary biopsies. However, such 
techniques are invasive, disturb the normal lactation process, are labor intensive and 
costly. Moreover, these factors limit the dynamic studies of the mammary 
transcriptome. Therefore, an alternate sampling procedure of isolating mRNA directly 
from somatic cells that are naturally released into milk during lactation is gaining more 
attention (Boutinaud and Jammes 2002). These cells include lymphocytes, neutrophils, 
macrophages and epithelial cells but despite the heterogeneity, they are a reliable source 
of mRNA that is representative of gene expression in the mammary gland (Boutinaud 
and Jammes 2002; Murrieta, Hess et al. 2006). In the meantime, with its sensitivity and 
cost- effectiveness, the approach of applying the technology of RNA-seq to reveal milk 
somatic cell transcriptome appears promising (Medrano, Rincon et al. 2010; 
Wickramasinghe, Rincon et al. 2012). In the current study, RNA-seq was performed on 
cells derived from echidna milk in order to obtain an insight on the genes associated 
with echidna lactation. Although previous studies using the non- invasive cDNA 
sequencing approach of monotreme milk cells have revealed certain unique aspects of 
monotreme lactation such as the presence of additional β-casein gene (Lefevre, Sharp et 
al. 2009), novel monotreme-specific antimicrobial genes such EchAMP (Bisana, Kumar 
et al. 2013) and monotreme lactation protein (MLP) (Enjapoori et.al., manuscript under 
communication), limitations of the applied technique have curtailed deeper and robust 
investigations. The data from the present study establish that echidna milk cells, with 
their expression of genes for egg white, amniotic fluid bioactives, casein and whey 
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proteins capture a very important stage during the transition from oviparity to viviparity 
with respect to the evolution of milk.  
 
3.2 MATERIALS AND METHODS 
 3.2.1  RNA purification, quality evaluation and sequencing 
 Echidna milk samples were collected and cells were isolated from them as 
described in Section 2.2.2 of Chapter 2. Qiagen RNeasy Micro kit (Sydney, Australia) 
was used to isolate total RNA from the echidna milk cells. A 2 μL aliquot of RNA from 
cells isolated from the milk belonging to echidna ‘Big Mamma’, collected on 27th 
January 2005 at Kangaroo Island, SA, Australia was assayed for its concentration,  
purity (rRNA 28S:18S ration) and quality [RNA integrity number (RIN)] using the 
Agilent 2100 Bioanalyzer (Santa Clara, CA). Briefly, the total RNA was converted into 
a library of template molecules suitable for high throughput sequencing as per Illumina 
mRNA sequencing and sample preparation guide (Cat # RS-930-1001). This involved 
the purification of the poly-A containing mRNA molecules using poly-T oligo-attached 
magnetic beads. The pooled mRNA was fragmented into small pieces using divalent 
cations under elevated temperature. These cleaved mRNA fragments were reverse 
transcribed into first strand cDNA using reverse transcriptase and random primers. The 
RNA templates were removed and a replacement strand generating the double-stranded 
cDNA was synthesized. The overhangs were converted into blunt ends using T4 DNA 
polymerase and Klenow DNA polymerase. In addition, the polymerase activity of 
Klenow fragment (3' to 5' exo minus) was used to add an extra ‘A’ base to the 3' end of 
the blunt phosphorylated DNA. This prepared the DNA fragments for ligation to the 
adapters, which have a single ‘T’ base overhang at their 3' end. Subsequently, the DNA 
fragments now ligated to the adapters were hybridized to a single read flow cell. 
Following this, the products of the ligation reaction were purified on gel to select a size 
range of templates and amplified by PCR. The amplified library was sequenced by 
Illumina HiSeq2000 with version 3 chemistry. 
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 3.2.2  RNA sequencing analysis 
 Since an annotated genome sequence of echidna is not available, the read 
mapping was performed against the closely related platypus genome reference 
(Ornithorhynchus_anatinus.OANA5.69.gtf) (Warren, Hillier et al. 2008) using Tophat2 
version tophat-2.0.3.Linux_x86_64, Cufflinks package version (cufflinks-
2.1.1.Linux_x86_64) (Trapnell, Williams et al. 2010) and SeqMonk software version 
v0.24.1 (http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/) were used for 
transcriptome quantification and sequence annotation. Alignment details were also 
visualized and investigated further by SeqMonk software as described in RNA-seq data 
analysis guidelines (SeqMonk online video tutorials). Transcript abundances were 
estimated as FPKMs (fragments per kilobase of exon per million fragments mapped). 
 
  3.2.2.1  Functional annotation analysis 
   The Functional Annotation Chart tool within DAVID Bioinformatics 
Resources 6.7 (Huang da, Sherman et al. 2009) was used to determine the biological 
processes that the gene sets of interest were involved.  
 
  3.2.2.2  Identification of genes encoding secretory proteins 
  The subcellular localization database LOCATE 
(http://locate.imb.uq.edu.au/) was used to identify genes that encoded secretory proteins 
(Sprenger, Lynn Fink et al. 2008).  
 
  3.2.2.3  Comparative analyses with gene/protein datasets of egg white, 
human amniotic fluid, milk and placenta 
  The egg white protein inventory compiled through the in-depth analysis 
using LTQ Orbitrap Velos (Mann and Mann 2011) was used as reference list for egg 
white proteome. For human amniotic fluid and milk proteome databases, the web based 
body fluid proteome database ‘Sys-BodyFluid’ (http://www.biosino.org/bodyfluid/) that 
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includes lists of proteins expressed in milk and amniotic fluid was used (Li, Peng et al. 
2009). For human placenta proteome list, the expression profiling and compilation of 
proteins reported by Mushahary and co-workers (Mushahary, Gautam et al. 2013) was 
used as the reference dataset. 
 
  3.2.2.4  Construction of Venn diagrams 
  To represent the comparative relationship between two datasets, Venn 
diagrams were generated to scale using the Venn Diagram Plotter software (Littlefield 
and Monroe 2008).  
 
3.3 RESULTS 
 3.3.1  RNA-seq genome alignments   
 RNA-seq datasets were mapped to the platypus genome using the Bowtie 2 
function of TopHat 2.0.5 (Kim and Salzberg 2011; Langmead and Salzberg 2012). 
Cufflinks was used to assemble and calculate gene expression values as FPKM 
(Trapnell, Williams et al. 2010). The datastore summary report is given in Table 3.1. 
All reads were 49 nucleotides long and a total of about 11 million reads were obtained. 
The box plot profile for read quality generated by FastQC is represented in Figure 3.1. 
The poor turnout of alignments were due to insufficient chromosomal information in the 
platypus genome. 
Table 3.1: Data store report of the echidna RNA-seq data aligned to platypus 
genome 






% of Reads 
mapped 
Ech II 11160840 2405047 9398249 11314 21.54 
 




Figure 3.1: Box plot profile for read quality of RNA-seq data from echidna milk cells  
All reads were 49 nucleotides long . The reads in the green area represent good quality reads. 
 
 Read count quantitation was carried out using the criteria of counting all reads, 
corrected to total read per counts and probe length, represented per million reads. This 
way, the gene expression intensity was normalized to FPKM and summarized at the 
gene level. This generated a total of 27122 probes.   Of these, 12237 of the genes were 
found to have FPKM values greater than 0 while the remaining (14885) were equal to 0 
(Figure 3.2).  
 
 




Figure 3.2: Classification of RNA sequencing data obtained from echidna milk cells based 
on their FPKM scores 
Gene expression intensity normalized to FPKM and summarized at the gene level generated a 
total of 27122 probes. Of these, 12237 of the genes were found to have FPKM > 0 while the 
remaining 14885 = 0.  
 
 Further, of the 12,237 genes that showed a FPKM > 0, 7,210 corresponded to 
the annotated and defined sequences of the platypus genome while the remaining 
(5,027) corresponded to the un-annotated sequences of the same (Figure 3.3). 




Figure 3.3: Fractions of annotated and un-annotated sequences 
Of the 12237 genes that showed a FPKM > 0, 7210 corresponded to the annotated and defined 




 Among the expressed and annotated genes in the present data set, the different 
level of expression of genes based on FPKM indices is summarized in Table 3.2. The 
same is represented graphically in Figure 3.4.  Based on the available literature, a cutoff 
of  > 0.01 FPKM was used to define potentially meaningful gene expression. 
Table 3.2: Classification of annotated and expressed genes based on FPKM scores 
Level of 
expression 




Very high FPKM t 500 94 1.30 
High FPKM t 10 but < 500 2066 28.65 
Moderate FPKM < 10 but > 0.01 5040 69.90% 
Low FPKM < 0.01 6 0.083% 
 Total no. of expressed and annotated 
genes (FPKM > 0) 
7210 100% 





Figure 3.4: Classification of annotated and expressed genes based on FPKM scores 
A cutoff of  FPKM > 0.01 was used to define potentially meaningful gene expression. Of the 
7210 annotated genes that were expressed, only 94 genes comprising about 1.3% of the total 
showed very high expression. This was followed by 2066 genes which showed high expression 
comprising  28.65% of the total. A greater part of the genes comprising a majority of 69.98% 
corresponded to the ‘moderately expressed category’ while only 6 genes showed very low 
expression. 
 
 After removing the duplicates, the annotations of 87 genes that showed very 
high expression (FPKM>500) are given in Annexure I. 
 
 3.3.2  Comparison of RNA-seq data with cDNA library 
 The annotated and expressed genes in the current RNA-seq data were compared 
with the list of 48 genes that were identified through a previously constructed echidna 
milk cell cDNA library. It was found that 22 genes were common to both lists of data 
(Figure 3.5). 




Figure 3.5: Venn diagram representing the overlap of genes identified through RNA-seq  
and cDNA library of echidna milk cells 
Yellow circle represents RNA-seq data while blue circle represents the cDNA library data. The 
region of overlap is presented in red color. Diagram is generated to scale. 
 
 3.3.3  Biological process enrichment analysis 
 In order to determine the biological functions of the abundant transcripts, 
annotated genes with FPKM > 500 were tested for significant enrichment of functional 
annotations. It was observed that the most highly expressed genes were primarily 
involved in ribosome biogenesis, RNA processing, protein synthesis and maturation 
followed by lipid storage, homeostasis, response to oxidative stress and gas transport as 
depicted in Figure 3.6 . 




Figure 3.6: Biological process enrichment analysis of echidna milk cell transcriptome 
The annotated genes with FPKM > 500 were tested for significant enrichment of functional 
annotations. A majority of the genes were primarily involved in ribosome biogenesis, RNA 
processing, protein synthesis and maturation followed by lipid storage, homeostasis, response to 
oxidative stress and gas transport. 
  
 3.3.4  Pathway analysis 
 In order to identify significant metabolic pathways represented by genes with 
abundant expression (FPKM > 500), a pathways analysis was conducted using DAVID 
portal. It was observed that most of these genes were involved in regulation of 
translation, metabolism of proteins and gene expression as represented by their p values. 
The results are depicted in Table 3.3. 
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Table 3.3: Biological process enrichment analysis of echidna milk cell 
transcriptome 
Pathway Name p value 
3’- UTR- mediated translational regulation 2.9E-33 
Metabolism of proteins 3.7E-32 
Gene expression 4.7E-25 
 
 3.3.5  In silico identification of genes encoding secretory proteins 
 The genes encoding secretory proteins were segregated from the annotated 
genelists in all categories of expression in the current study using the LOCATE 
database. The summary of the same is provided in Table 3.4. 
Table 3.4: Genes encoding secretory proteins in echidna milk cells 
Category of expression No. of secretory proteins 
identified 
Percentage of secretory 
proteins (to the total 
number of genes)  
Very high (FPKM t 500) 10 10.63 




Low (FPKM < 0.01) 0 0 
 
 3.3.6  Comparative analysis of echidna milk cells transcriptome with genes/ 
proteins of human milk 
 The genes encoding the 175 proteins of the human milk proteome were 
compared with echidna milk cell transcriptome. 63 genes were found to be common to 
both groups. Of these 63 genes, 33 genes were found to encode secretory proteins 
Figure 3.7. The names and annotations of the common 33 genes encoding secretory 
proteins are listed in Table 3.5 
. 




Figure 3.7: Comparative analysis of echidna milk cells transcriptome with genes/ proteins 
of human milk 
(A) Venn diagram depicting the number of genes common between echidna milk cells 
transcriptome and genes/ proteins of human milk. 63 genes were common to both groups. (B) 
Venn diagram depicting the number of genes encoding secretory proteins common between 




Table 3.5: List of genes encoding secretory proteins that were common in echidna 
milk cells and of human milk 
Gene Annotation 
PIP Prolactin inducible protein 
LPL Lipoprotein lipase 
CTSC Cathepsin C 
P4HB Prolyl 4-hydroxylase, beta polypeptide 
NUCB1 Nucleobindin 1 
STC2 Stanniocalcin 2 
PDIA3 Protein disulfide isomerase family A, member 3 
NUCB2 Nucleobindin 2 
PDIA6 Protein disulfide isomerase family A, member 6 
SIL1 SIL1 homolog, endoplasmic reticulum chaperone 
QSOX1 Quiescin Q6 sulfhydryl oxidase 1 
HSPA5 Heat shock 70kDa protein 5 
HSP90B1 Heat shock protein 90, beta (Grp94), member 1 
PRSS8 Protease, serine, 8 
CALR Calreticulin 
DAG1 Dystroglycan 1 
CLU Clusterin 
CHRDL2 Chordin-like 2 
SPP1 Secreted phosphoprotein 1 
APOD Apolipoprotein D 
APOE Apolipoprotein E 
CTBS Chitobiase, di-N-acetyl- 
THBS1 Thrombospondin 1 
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CD14 CD14 molecule 
SERPINC1 Serpin peptidase inhibitor, clade C (antithrombin), member 1 
KLK6 Kallikrein-related peptidase 6 
MFGE8 Milk fat globule-EGF factor 8 protein 
CHI3L1 Chitinase 3-like 1 
SPARCL1 SPARC-like 1 (hevin) 
MPO Myeloperoxidase 
APP Amyloid beta (A4) precursor protein 
CFI Complement factor I 
NRP1 Neuropilin 1 
 
 Of these 33 genes, one gene belonged to very highly expressed category with 
FPKM>500, 15 genes had 10<FPKM<500 while 17 genes had 10>FPKM>0.01.  
 
 3.3.7  Comparative analysis of echidna milk cells transcriptome with 
genes/proteins of human amniotic fluid 
 The genes encoding the 858 proteins of the human amniotic fluid proteome were 
compared with the echidna milk cells transcriptome. 261 genes were found to be 
common to both groups. Of these 261 genes, 62 genes were found to encode secretory 
proteins (Figure 3.8). The names and annotations of the common 62 genes encoding 
secretory proteins are listed in Table 3.6. 




Figure 3.8: Comparative analysis of echidna milk cells transcriptome with genes/ proteins 
of human amniotic fluid 
(A) Venn diagram depicting the number of genes common between echidna milk cells 
transcriptome and genes/ proteins of human amniotic fluid. 261 genes were common to both 
groups. (B) Venn diagram depicting the number of genes encoding secretory proteins common 
between echidna milk cells human amniotic fluid. 62 genes were common to both datasets. 
Circles are graphed to scale. 
 
Table 3.6: List of genes encoding secretory proteins that were common in echidna 
milk cells and of human amniotic fluid 
Gene Annotation 
LTF Lactotransferrin 
WFDC2 WAP four-disulfide core domain 2 
FBLN5 Fibulin 5 
AGRN Agrin 
PGLYRP2 Peptidoglycan recognition protein 2 
IGFALS Insulin-like growth factor binding protein, acid labile subunit 
TPP1 Tripeptidyl peptidase I 
MASP2 Mannan-binding lectin serine peptidase 2 
EFEMP2 EGF containing fibulin-like extracellular matrix protein 2 
CLU Clusterin 
UXS1 UDP-glucuronate decarboxylase 1 
GRN Granulin 
ANGPTL2 Angiopoietin-like 2 
TGFBI Transforming growth factor, beta-induced, 68kDa 
SPP1 Secreted phosphoprotein 1 
C2 Complement component 2 
EMID1 EMI domain containing 1 
GM2A GM2 ganglioside activator 
C1S Complement component 1, s subcomponent 
PLOD1 Procollagen lysine, 2-oxoglutarate 5-dioxygenase 1 
APOD Apolipoprotein D 
MMP2 
Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 
72kDa type IV collagenase) 
Chapter 3                                                 Transcriptome analysis of echidna milk cells 
109 
 
AEBP1 AE binding protein 1 
CTSZ Cathepsin Z 
APOE Apolipoprotein E 
SERPINF1 
Serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, 
pigment epithelium derived factor), member 1 
BMP1 Bone morphogenetic protein 1 
LTBP4 Latent transforming growth factor beta binding protein 4 
THBS1 Thrombospondin 1 
DKK3 Dickkopf WNT signaling pathway inhibitor 3 
SERPINE2 
Serpin peptidase inhibitor, clade E (nexin, plasminogen activator 
inhibitor type 1), member 2 
PAM Peptidylglycine alpha-amidating monooxygenase 
LPHN3 Latrophilin 3 




acetylgalactosaminyltransferase 2 (GalNAc-T2) 
SERPINC1 Serpin peptidase inhibitor, clade C (antithrombin), member 1 
VCAN Versican 
IGFBP1 Insulin-like growth factor binding protein 1 
KLK6 Kallikrein-related peptidase 6 
CHI3L1 Chitinase 3-like 1 (cartilage glycoprotein-39) 
COL4A2 Collagen, type IV, alpha 2 
FLT1 fms-related tyrosine kinase 1 
LAMC1 Laminin, gamma 1 (formerly LAMB2) 
SPARC Secreted protein, acidic, cysteine-rich (osteonectin) 
SPARCL1 SPARC-like 1 (hevin) 
CPM Carboxypeptidase M 
TWSG1 Twisted gastrulation BMP signaling modulator 1 
MPO Myeloperoxidase 
DKK2 Dickkopf WNT signaling pathway inhibitor 2 
FBN1 Fibrillin 1 
NRP2 Neuropilin 2 
FBLN2 Fibulin 2 
LAMA5 Laminin, alpha 5 
APP Amyloid beta (A4) precursor protein 
CFI Complement factor I 
MFAP2 Microfibrillar-associated protein 2 
TNFRSF19 Tumor necrosis factor receptor superfamily, member 19 
NRP1 Neuropilin 1 
IL1RAP Interleukin 1 receptor accessory protein 
SFTPB Surfactant protein B 
SCUBE2 Signal peptide, CUB domain, EGF-like 2 
 
 Of these 62 genes, 2 genes belonged to very highly expressed category with 
FPKM>500, 1 gene had 10<FPKM<500 while 59 genes had 10>FPKM>0.01.  
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 3.3.8  Comparative analysis of echidna milk cells transcriptome with 
genes/proteins of human placenta 
 The genes encoding the 148 proteins of the human placental proteome were 
compared with the echidna milk cells transcriptome. 65 genes were found to be 
common to both groups. Of these 65 genes, 6 genes encoded secretory proteins (Figure 
3.9). The names and annotations of the common 6 genes encoding secretory proteins are 
listed in Table 3.7. 
 
Figure 3.9: Comparative analysis of echidna milk cells transcriptome with genes/ proteins 
of human placenta 
(A) Venn diagram depicting the number of genes common between echidna milk cells 
transcriptome and genes/ proteins of human placenta. 65 genes were common to both groups. 
(B) Venn diagram depicting the number of genes encoding secretory proteins common between 
echidna milk cells human placenta. 6 genes were common to both datasets. Circles are graphed 
to scale. 
 
Table 3.7: List of genes encoding secretory proteins that were common in echidna 
milk cells and of human placenta 
Gene Annotation 
P4HB Prolyl 4-hydroxylase, beta polypeptide 
ERP29 Endoplasmic reticulum protein 29 
PDIA3 Protein disulfide isomerase family A, member 3 
HSPA5 Heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa)
TPP1 Tripeptidyl peptidase I 
TXNDC5 Thioredoxin domain containing 5 (endoplasmic reticulum) 
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 Of these 6 genes, 4 genes had 10<FPKM<500 while 2 genes had 
10>FPKM>0.01.  
 
 3.3.9  Comparative analysis of echidna milk cells transcriptome with 
genes/proteins of egg white 
 The genes encoding the 261 proteins of the egg white proteome were compared 
with the echidna milk cells transcriptome. 87 genes were found to be common between 
both groups. Of these 87genes, 24 genes encoded secretory proteins (Figure 3.10). The 
names and annotations of the common 24 genes encoding secretory proteins are listed 
in Table 3.8. 
 
Figure 3.10: Comparative analysis of echidna milk cells transcriptome with genes/ 
proteins of egg white 
(A) Venn diagram depicting the number of genes common between echidna milk cells 
transcriptome and genes/ proteins of egg white. 87 genes were common to both groups. (B) 
Venn diagram depicting the number of genes encoding secretory proteins common between 




Table 3.8: List of genes encoding secretory proteins that were common in echidna 
milk cells and of egg white 
Gene Annotation 
CTSC Cathepsin C 
P4HB Prolyl 4-hydroxylase, beta polypeptide 
PDIA3 Protein disulfide isomerase family A, member 3 
NUCB2 Nucleobindin 2 
LGMN Legumain 
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PDIA6 Protein disulfide isomerase family A, member 6 
GALNT12 
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase 12 (GalNAc-T12) 
QSOX1 Quiescin Q6 sulfhydryl oxidase 1 
HSPA5 Heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) 
HSP90B1 Heat shock protein 90kDa beta (Grp94), member 1 
TIMP3 TIMP metallopeptidase inhibitor 3 
PPT1 Palmitoyl-protein thioesterase 1 
CLU Clusterin 
CPE Carboxypeptidase E 
SEMA3C 
Sema domain, immunoglobulin domain (Ig), short basic domain, 
secreted, (semaphorin) 3C 
TGFBI Transforming growth factor, beta-induced, 68kDa 
MAN2B2 Mannosidase, alpha, class 2B, member 2 
PLOD1 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 
APOD Apolipoprotein D 
SERPINF1 
Serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, pigment 
epithelium derived factor), member 1 
CTBS Chitobiase, di-N-acetyl- 
DKK3 Dickkopf WNT signaling pathway inhibitor 3 
METRNL Meteorin, glial cell differentiation regulator-like 
COCH Cochlin 
 
 Of these 24 genes, 11 genes had 10<FPKM<500 while 13 genes had 
10>FPKM>0.01.  
 
 3.3.10  Combined comparative analysis of echidna milk cells transcriptome with 
genes/proteins of egg white and human amniotic fluid 
 The echidna milk cells transcriptome was subjected to combined comparative 
analysis / proteins of the human amniotic fluid and egg white. 24 genes were found to 
be common to all the three groups. Of these 24 genes, 9 genes encoded secretory 
proteins (Figure 3.11). The annotations of the common targets are given in Table 3.9. 
Since a relatively very low degree of similarity was found between the transcriptome of 
echidna milk cells with the genes/proteins of human placenta, the proteins of human 
placenta were not considered during this final analysis to identify the common targets. 
Nevertheless, HSPA5 and P4HB were found to be common within egg white, echidna 
milk cells, human  amniotic fluid and human placenta. 




Figure 3.11: Combined comparative analysis of echidna milk cells transcriptome with 
genes/proteins of egg white and human amniotic fluid 
(A) Venn diagram depicting the number of genes common between echidna milk cells 
transcriptome, human amniotic fluid and egg white. The red region depicts the 24 genes, 
common in all the three groups. (B) Venn diagram depicting the number of genes encoding 
secretory proteins common between echidna milk cells, human amniotic fluid and egg white. 
The red region depicts the 9 genes, common to all the three datasets Circles are graphed to 
scale. 
 
Table 3.9: List of genes encoding secretory proteins that were common to egg 
white, echidna milk cells and human amniotic fluid. 
Gene Annotation 
APOD Apolipoprotein D 
CLU Clusterin 
DKK3 Dickkopf WNT signaling pathway inhibitor 3 
HSPA5 Heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) 
P4HB Prolyl 4-hydroxylase, beta polypeptide 
PLOD1 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 
QSOX1 Quiescin Q6 sulfhydryl oxidase 1 
SERPINF1 Serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, pigment 
epithelium derived factor), member 1 
TGFBI Transforming growth factor, beta-induced, 68kDa 
 
 Of these 9 common targets, PLOD1 belonged to the highly expressed category 
(10<FPKM<500) while the rest belonged to moderately expressed (10>FPKM>0.01) 
category of genes in echidna milk cells. 
 




 This study was an attempt to decipher insights into the origin of mammary gland 
function by using a non-invasive approach of sequencing the RNA of mammary cells 
harvested from echidna milk. Since the echidna genome is not sequenced, the platypus 
genome was used as a template for the assembly of the reads. The platypus genome was 
sequenced using strategies such as combined whole genome shotgun plasmid, fosmid 
and BAC end sequences to a total of 6x whole genome coverage (Warren, Hillier et al. 
2008). The database contains longer range mapping of the sequence onto Ultracontigs 
and Chromosomes. It must be noted that although some of the Supercontigs are mapped 
to chromosomes, they represent only 21% of the platypus DNA.  The current database 
version is 73.1 and the Ensembl genebuild was last updated/ patched in August 2012 
according to the Ensembl genome browser. With respect to the annotation of genes in 
the platypus genome, the number of coding genes at present is 21,698 although Genscan 
gene predictions indicate about 133723. This inturn specifies that a substantial number 
of genes in the platypus genome remain un-annotated.  The echidna and platypus 
species are predicted to have shared a common ancestor about 21.2 million years ago 
(Warren, Hillier et al. 2008) and therefore it appeared reasonable to use the platypus 
genome to map the echidna RNA sequencing reads. A report on relatively recent 
reductions of mutational rates in the monotreme lineage further supported our case 
(Rowe, Rich et al. 2008). 
 In the current study, the genes were categorized based on their levels of 
expression, which in-turn was based on their individual FPKM scores. Accordingly, of 
the 7210 annotated genes that were expressed, only 94 genes comprising about 1.3% of 
the total showed very high expression. This was followed by 2066 genes which showed 
high expression comprising  28.65% of the total. A greater part of the genes comprising 
69.98% corresponded to the ‘moderately expressed category’ based on their FPKM 
indices while only 6 genes showed very low expression.  
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 3.4.1  Top annotated genes in echidna milk cells 
 Transcript abundance in echidna milk cells reflects the synthesis of proteins 
involved in the milk making machinery along with those secreted into milk. The entire 
monotreme milk proteome is not completely understood except for some of the main 
components such as the caseins (Lefevre, Sharp et al. 2009) and few whey proteins 
(Shaw, Messer et al. 1993; Guss, Messer et al. 1997; Messer, Griffiths et al. 1997; 
Sharp, Lefevre et al. 2007). In the present study which employed RNA sequencing 
approach, the most abundant transcript was found to be CSN2. It is notable that CSN2 
transcripts had a broad dynamic range of FPKMs ranging from 167.875 to the highest 
i.e., 9.45E+06. Given that the monotreme CSN2 gene is 7 Kb long and its mRNA is of 
662 bases coding for a protein of 89 amino acids, transcripts mapping to different 
regions of the gene explain the range of FPKMs associated with it. Moreover, 
monotremes have an additional β-like casein (CSN2b), which suggests the recent 
duplication of β-casein gene in the monotreme lineage. The extent of the duplicated 
region only covers a limited region encompassing the first five exons of CSN2b and few 
short exons whereas the total number of exons is much larger (Lefevre, Sharp et al. 
2009). The two genes- CSN2 and CSN2b could not be conclusively discriminated with 
the alignments in the current study. CSN2 was identified with the highest EST counts 
during a previous non-invasive approach to the molecular analysis of lactation in 
monotremes through sequencing the cDNA library generated from the same echidna 
milk cells (Lefevre, Sharp et al. 2009). Further, a study on human milk fat layer 
transcriptome using the RNA sequencing approach reports that CSN2 was the first and 
second most expressed gene in milk fat layers of mature milk and transitional milk 
respectively, while it was the ninth most abundantly expressed gene in the milk fat layer 
of colostrum milk (Lemay, Ballard et al. 2013). A similar study on the comprehensive 
expression profiling of genes expressed in bovine milk somatic cells of transition, peak 
and late lactation reports CSN2 as the second most highly expressed gene in the former 
two phases (Wickramasinghe, Rincon et al. 2012). 
 CSN3, the gene coding for kappa-casein that is essential for the formation and 
transport of casein micelles (Shekar, Goel et al. 2006) was found to be the top 15th 
highly expressed gene. However, CSN1 could not be distinctly identified probably 
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because of the similarity it shares with CSN2. On the contrary, CSN1 was earlier 
identified as a gene with sixth highest EST counts through cDNA sequencing approach 
during a study conducted with the same echidna milk cells (Lefevre, Sharp et al. 2009). 
Nevertheless, it is interesting to note that 45.83% of genes identified during the earlier 
approach of cDNA sequencing (Lefevre, Sharp et al. 2009) were found in the present 
RNA-seq gene list, amounting to 0.3% of the total data. It is possible that the remaining 
54.17% of the genes identified through the approach of cDNA sequencing fell in the 
expressed but unannotated set of genes in the current study. Taken together, the 
robustness of the current technology used is clearly visible which in turn reflected in the 
sensitivity of detection of expressed genes, thereby paving wave for more elaborate, in-
depth studies. 
 
 3.4.2  Biological process enrichment analysis 
 In order to determine the biological functions of the abundant transcripts, when 
the annotated genes with FPKM > 500 were tested for significant enrichment of 
functional annotations, it is seen that the genes were primarily involved in ribosome 
biogenesis, RNA processing, translation elongation, its regulation and protein 
maturation- processes that can be directly attributed to massive development of protein 
synthesis infrastructure. This pattern of gene expression exquisitely reflects the function 
of the mammary epithelial cell during lactation. Complementary evidence was 
additionally obtained from the metabolic pathway analysis that further confirmed that 
most of the genes were significantly involved in regulation of translation, metabolism of 
proteins and gene expression. These, along with strong dominance of the total mRNA 
pool by milk protein genes such as CSN2, WAP, PlatAMP, and LYZ conclusively 
indicate the enrichment of monotreme milk cells by exfoliated mammary epithelial 
cells, although they are an ambiguous mixture that could include skin cells, immune 
cells and exfoliated cells from ducts and mammary or sebaceous glands (Lefevre, Sharp 
et al. 2009).  
 Even though of a different species, it may be of context to note that previously a 
study has identified extensive similarities between mammary gland and milk somatic 
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cell transcriptome of the same cow (Boutinaud and Jammes 2002). However, a 
comparison of that data with the current study highlights the expression of genes 
involved in homeostatic processes, response to oxidative stress and gas transport as 
unique to echidna milk cells, while expression of genes involved in structural processes 
were seen to be common to both species. Meanwhile, a comparison of the present data 
with transcripts upregulated in milk cells of macaque relative to its mammary tissue 
(Lemay, Hovey et al. 2013) identified genes associated with regulation of biosynthetic 
processes as being common to both species. In yet another study, human milk was also 
validated as a rich source of mammary epithelial cell RNA and it has been revealed that 
their gene expression profiles are distinct at different stages of lactation (Lemay, 
Ballard et al. 2013). Quite interestingly, the expression of genes associated with 
biological processes in the current study is very similar to that reported in human milk 
cells under the KEGG term Ribosome (Lemay, Ballard et al. 2013).  
 
 3.4.3  Comparative analysis of echidna milk cells transcriptome with 
genes/proteins of egg white, human milk, human amniotic fluid and human placenta. 
 Since milk is the only source of nutrition and protection for the eggs and the 
hatchlings during the period of suckling in monotreme young, it was hypothesized that 
milk could be delivering important bioactives for the ex utero growth and development 
of the young. Therefore, the technology of RNA-seq which allows a high resolution was 
employed for the transcriptome gene analysis of the echidna milk cells. Belonging to 
the subclass of eutheria, the strategy of reproduction in primates is characterized by an 
extended period of in utero development of the young, followed by regular and frequent 
transfer of milk post parturition (Peaker 2002). Placenta is an important organ for 
successful pregnancies in viviparous species as its core function is to mediate 
implantation and establish an interface for the transport of nutrients and oxygen 
exchange between the maternal and fetal circulations (Cross 2006). Amniotic fluid is 
the protective fluid contained by the amniotic sac of the pregnant female and is 
fundamental for the normal development of the fetus during pregnancy. With a complex 
biochemical composition, amniotic fluid varies throughout pregnancy (Tsangaris, 
Anagnostopoulos et al. 2011) and the fetus is known to drink and inhale amniotic fluid 
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during the gestation period (Friis-Hansen 1983). Since human beings represent the most 
advanced primates, the genes/ proteomes of human amniotic fluid, placenta and milk 
were considered for comparative analyses in the current study. In order to identify 
putative bioactive proteins that played plausible roles in the growth and development of 
the echidna young through their delivery in milk, a step- wise analysis was conducted. 
Firstly, the lists of genes/ proteins of egg white, human milk, human amniotic fluid and 
human placenta were retrieved (Sprenger, Lynn Fink et al. 2008; Mann and Mann 2011; 
Mushahary, Gautam et al. 2013). The echidna milk cells transcriptome was compared 
with genes/ proteins of egg white, human milk, human amniotic fluid and human 
placenta individually. During each comparative analysis, the search was focused on 
segregating the common genes encoding the secretory proteins between the two 
datasets. Once the subsets were obtained, an analysis performed to identify the common 
genes encoding secretory proteins between egg white, echidna milk cells and human 
amniotic fluid led to 9 target candidate genes viz., APOD,  CLU, DKK3, HSPA5, P4HB, 
PLOD1, QSOX1, SERPINF1 and TGFB which were classified into the following 
categories:  
 
  3.4.3.1  Genes for glycoproteins 
  The genes APOD and CLU encode the glycoproteins apolipoprotein D 
and clusterin respectively. With diverse functions, glycoproteins appear in nearly every 
biological function studied so far. ApoD is known to be involved in various processes 
including lipid transport, endosomal trafficking, proteolytic activity and interactions in 
cellular signal pathways (Soiland, Soreide et al. 2007). It is also reported to be involved 
in gestation and fetal development. For example, in humans, it is up-regulated in the 
endometrium during the window of uterine receptivity for embryonic implantation 
(Kao, Tulac et al. 2002). Being highly expressed in placenta (Drayna, Fielding et al. 
1986), ApoD in collaboration with other molecules is suggested to play a key role in the 
transport of essential nutrients, regulation factors such as cholesterol, arachidonic acid, 
steroids, vitamin A and thyroid hormones and toxic metabolites between the mother and 
the fetus (Do Carmo, Forest et al. 2009). Further, it is found to be present in colostrum 
and milk (Palmer, Kelly et al. 2006). Similarly, ApoD is found in the yolk of the rapidly 
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growing chicken oocyte, where it might transport lipids or regulatory molecules such as 
vitamin A and thyroid hormones and subsequently, the gene is expressed during late 
chicken embryogenesis (Ganfornina, Sanchez et al. 2005). Clusterin, on the other hand, 
is an amphipath- binding secretory glycoprotein present in most biological fluids and is 
implicated as a mediator of tissue remodeling and repair (Brown, Moulton et al. 1996). 
Taken together, it may be appropriate to speculate that APOD and CLU are expressed in 
echidna milk cells allowing for their cognate proteins to carry out similar functions 
through its secretion in echidna milk.  
 
  3.4.3.2  Genes for signaling molecules 
  The eggs laid by monotremes are incubated ex utero for the last third of 
their embryonic development (Griffiths 1978). In this scenario, expression of important 
signaling molecules such as DKK3 and SERPINF1 in echidna milk cells is intriguing as 
it suggests the possibility of delivery of the respective signaling proteins to the 
developing embryo through the medium of milk. The genes DKK3 and SERPINF1 code 
for the proteins Dickkopf Homolog 3 and Serpin Peptidase Inhibitor respectively. In 
general, dickkopf (DKK) family proteins are secreted modulators of the Wnt signaling 
pathway and are capable of regulating the development of many organs and tissues 
(Muranishi and Furukawa 2012). They show distinct and elevated expression patterns in 
tissues that mediate epithelial- mesenchyme transformations suggesting that they may 
participate in heart, tooth, hair and whisker follicle, limb and bone induction. Further, 
the expression of these genes is found in the regions of programmed cell death in the 
limb buds (Monaghan, Kioschis et al. 1999). Similarly, the protein serpin peptidase 
inhibitor (also known as pigment epithelium-derived factor) has been characterized for 
its neurotropic and antiangiogenic properties (Tombran-Tink, Chader et al. 1991; 
Dawson, Volpert et al. 1999). In addition, it has previously been confirmed as a critical 
factor that controls the proper development of bone and ensures its structural integrity 
by controlling the deposition and mineralization of matrix (Bogan, Riddle et al. 2013). 
At this stage, it can be recollected that newly hatched echidnas are hairless and 
unpigmented, with well developed front limbs while the hind limbs are only small 
stumps lacking distinct toes and claws. However, by day 150 of lactation when weaning 
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gradually begins, the young are reported to have attained a more adult- like phenotype 
with developed muscles, hair, spines, toes and claws (Morrow and Nicol 2013). It is 
speculated that the delivery of specific signaling molecules in milk may be involved in 
controlling these developmental changes in the young.  
 
  3.4.3.3  Genes for enzymes 
  The current study has identified the genes QSOX1, P4HB and PLOD1 
encoding their cognate enzymes as common candidates between echidna milk cells, egg 
white and human amniotic fluid. However, based on  their distinct functions in their 
respective tissues, their putative roles in monotreme milk remain imprecise and warrant 
further investigations. QSOX1 codes for the Quiescin Q6 Sulfhydryl Oxidase 1 protein 
belonging to the family of enzymes that catalyse disulphide bond formation and are 
important for cell growth (Sevier 2012). It is known to play essential roles in 
extracellular matrix (ECM) formation as ECM produced without qsox1 was defective in 
supporting cell-matrix adhesion (Ilani, Alon et al. 2013). Similarly, the gene P4HB 
codes for the protein prolyl 4-hydroxylase, beta polypeptide, a highly abundant 
multifunctional enzyme that belongs to the protein disulfide isomerase family. This 
enzyme is involved in hydroxylation of prolyl residues in preprocollagen (Shoulders, 
Brett et al. 1993; Kivirikko and Myllyharju 1998). Procollagen-Lysine, 2-Oxoglutarate 
5-Dioxygenase [also known as  Lysyl Hydroxlase 1 (lh1)], is another enzyme coded by 
yet another candidate gene PLOD1. This enzyme is suggested to modify different 
collagens during the development of embryo (Schneider and Granato 2007). On a 
similar context, the protein Transforming Growth Factor, Beta-Induced, 68kDa, 
encoded by TGFBI which is another candidate gene identified in the present study, is 
reported to play a role in cell-collagen interactions and may be involved in 
endochondrial bone formation in cartilage (Schorderet, Menasche et al. 2000). 
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  3.4.3.4  Genes for chaperones 
  The gene HSPA5 encoding the Heat shock 70kDa protein 5 (also known 
as Glucose- Regulated Protein 78kDa) is a member of heat shock protein 70 (HSP70) 
family. Found to be commonly expressed in echidna milk cells, egg white and human 
amniotic fluid, some of the functions of this protein are speculated to be essential for the 
completion of ex utero embryogenesis of echidna. For example, the abundant 
expression of hspa5 protein at the blastocyst stage of the developing embryo, together 
with its high expression in the heart, neural tube, gut endoderm, somites and surface 
ectoderm of mouse embryos during early organogenesis have earlier confirmed its 
indispensable roles in embryonic development (Kim, Kim et al. 1990; Barnes and 
Smoak 2000). In addition, the knockout mice of HSPA5 have exhibited lethality beyond 
the peri-implantation stage with obvious defects in cell proliferation and massive 
apoptosis in the inner cell mass (Luo, Mao et al. 2006).  
 Taken together, it may be appropriate to speculate that essential signals and 
support for the completion of ex utero development of the echidna young are provided 
through the medium of milk. Perhaps, this objective is unique to the prototherian 
lactation exhibited by monotremes,  given their inimitable position in the mammalian 
tree of evolution. The degree of similarity in the transcriptome of echidna milk cells 
with genes/ proteins of egg white and human amniotic fluid complement this claim. At 
the same time, a relatively very low degree of similarity between the transcriptome of 
echidna milk cells with the genes/proteins of human placenta supports the origin of 
placenta and its evolution that is implicated from the marsupial lineage onwards 
(Oftedal 2012; Oftedal and Dhouailly 2013).  
   
3.5 CONCLUSIONS 
 The origin of lactation in mammals is a fundamental question in mammary 
gland biology and the lack of extant species representing an intermediate step in the 
development of mammary gland physiology together with the lack of direct fossil 
evidence curtails any resolution to this debate. However, a plausible hypothesis 
suggests that mammary secretions originated from apocrine-like glands associated with 
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hair follicles that evolved as a structure to produce moisture and nutrients to eggs and 
hatchlings, allowing a progressive decline in egg size which was accompanied by an 
increase in the altricial state of the young hatchlings (Oftedal 2002; Oftedal 2002; 
Oftedal 2012). The expression of genes of various egg white proteins by the echidna 
milk cells may support this hypothesis as the presence of these protein in milk may have 
helped to provide a continuum between the porous egg and the external environment. In 
the present study, expression of genes for secretory proteins that were common in 
echidna milk cells, egg white and human amniotic fluid were examined. Few candidate 
genes were identified that could be of significance in regulating the development of the 
egg and the subsequent young in its ex utero environment. This may suggest that these 
set of proteins are absolutely required by the developing young but delivered via 
different mechanisms;  for example by the amniotic fluid in eutherians, and by milk in 
monotremes in the absence of the in utero environment. However, whether the cognate 
proteins are secreted in monotreme milk needs to be validated. In addition, detailed 
investigation examining the effect of individual candidates on in vitro models will 
demonstrate their bioactivity and may help in correlating with the developmental needs 
of the altricial echidna young. To conclude, this study provides the first large 
transcriptome profile of echidna milk cells which is representative of a prototherian 
mammary gland. With the expression of a unique combination of genes for secretory 
proteins that are specific to egg white and amniotic fluid, it may be appropriate to 
speculate that milk in its primitive form was acting as a developmental continuum fluid 
providing nutrients and bioactives to the young while it was still within the porus egg 
(through adsorption) and then beyond hatching in the ex utero environment (through 
nursing). Thus, echidna milk cells, with their expression of genes for egg white, 
amniotic fluid factors, casein and whey proteins capture an important stage during the 
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IDENTIFICATION AND FUNCTIONAL CHARACTERIZATION 
OF A NOVEL MONOTREME-SPECIFIC MILK PROTEIN 
 
4.1 INTRODUCTION 
 Milk secretion is a common and complex process in all mammals. Apart from 
the roles of nourishment, various protective properties attributed to milk have been 
described time and again. It is interesting to note that according to a hypothesis 
originally proposed by Hayssen and Blackburn, during the evolution of lactation, the 
nutritional value of milk evolved subsequently to its immunological function (Hayssen 
and Blackburn 1985). Protective properties of milk in a vast range of mammals have 
been reported: for example, anti- parasitic activity of human milk lipase (Gillin, Reiner 
et al. 1983), antimicrobial activity of tammar wallaby milk cathelicidins and WFDC2 
protein (Wanyonyi, Sharp et al. 2011; Watt, Sharp et al. 2012), antifungal activity of 
bovine milk  lactoferrin (Manzoni, Stolfi et al. 2012), and bacteriostatic activity of 
murine milk whey acidic protein (Iwamori, Nukumi et al. 2010). Monotremes are of 
special interest to lactation biologists because they occupy an esteemed position in the 
mammalian tree of evolution (Lefevre, Sharp et al. 2010). Despite being the only source 
of nutrition during the period of suckling which is prolonged relative to their gestation 
and incubation of eggs (Griffiths 1978), the role of monotreme milk in the growth, 
development and disease protection of young is not well established. There exists a 
speculation that the survival of eggs and the young of monotremes is enhanced by 
microbial inhibitors of cutaneous or mammary gland origin (Hayssen and Blackburn 
1985; Oftedal 2012). Further, the absence of expression of either cathelicidin or 
defensin genes in platypus milk cells (Whittington, Sharp et al. 2009) indicates the 
possibility of existence of other bioactive molecules in monotreme milk  that were not 
previously known.  
 In this study focused on discovering monotreme milk bioactives, a novel, 
monotreme-specific, antimicrobial milk protein was identified and characterized for the
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first time. A transcript that showed abundant expression in the milk cells during late- 
lactation was identified and the corresponding gene was annotated as EchAMP. The 
peptides belonging to the EchAMP protein were identified in a sample of echidna milk. 
Consecutive sequences showing homology to the EchAMP cDNA were found in the 
platypus genome and equivalent RNA was identified in platypus milk cells, indicating 
the presence of its orthologue. Various in silico analyses indicated putative 
antimicrobial potential for the EchAMP protein. This was confirmed when the cognate 
recombinant protein of EchAMP displayed significant antibacterial activity against a 
host of bacteria. Interestingly,  no effect was seen on a harmless gut commensal species. 
Finally, this milk protein is suggested to have an important role in protecting the 
vulnerable monotreme young in the pouch and non-sterile burrow environments. 
 
4.2 MATERIALS AND METHODS 
 4.2.1  Identification of EchAMP transcript from cDNA library of echidna milk           
cells 
 Milk was collected from an echidna ‘Big Mamma’ during late- lactation on 3rd 
December 2004 on Kangaroo Island, SA, Australia by Dr. Peggy Rismiller. The sample 
was centrifuged at 2000 g for 5 minutes at 4°C to pellet the cells and milk was 
separated. These cells were used for isolation of total RNA and subsequent cDNA 
library construction by Dr. Julie Sharp. Randomly picked clones were sequenced and 
relative gene expressions from EST counts were estimated. EchAMP was found to be 
one of the novel, highly expressed transcripts  (Lefevre, Sharp et al. 2009).  
 
 4.2.2  Tissue expression profile of EchAMP in echidna 
 About 500 mg each of frozen tissue samples of heart, ileum, jejunum, 
duodenum, stomach, liver, thyroid, spleen, kidney, testis and penis of a male echidna 
were used for total RNA extraction using Tripure Isolation reagent (Roche Diagnostics, 
Castle Hill, NSW, Australia) according to the manufacturer’s guidelines. RNA was also 
isolated from echidna milk cells, which represented the cells from the mammary gland 
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during lactation. Concentrations of RNA were determined using a Nanodrop 2000 
Micro-Volume UV-Vis Spectrophotometer (Wilmington, DE, USA). Reverse 
Transcription was performed using Superscript IIITM First Strand Synthesis System 
(Invitrogen, Mount Waverly, Vic, Australia) with 1 μg of total RNA from above 
samples as templates. PCR was performed using EchAMP primers and GoTaqTM DNA 
polymerase (Promega). Amplification comprised of 30 cycles of 95°C for 30 seconds, 
58°C for 30 seconds and 72°C for 1 minute and a final extension of 72°C for 5 minutes. 
The clone of EchAMP in c-Flag pcDNA3 plasmid was used as a positive control and 
the PCR mixture without the template DNA served as the negative control. To confirm 
the integrity of RNA and the first strand synthesis product, echidna GAPDH was 
amplified using the primers 5’- GACTCATGACTACAGTCCATGCCAT-3’ and 5’-
GGACATGTAGACCATGAGGTCCAC- 3’. The PCR products were checked on a 
1.2% agarose gel and the DNA bands were visualized using SYBR safe staining under 
UV light.  
  
 4.2.3  In silico analyses of EchAMP protein 
 In silico analysis of the EchAMP cDNA sequence using the NCBI ORF Finder 
tool (http://www.ncbi.nlm.nih.gov/projects/gorf/) was used to reveal if it contained an 
open-reading frame and was capable of translating to a protein. The InterPro scan 
sequence search online tool (http://www.ebi.ac.uk/interpro/)  was used to determine the 
presence of any known domains and functional sites in the EchAMP protein (Hunter, 
Jones et al. 2012). Additionally, a search was carried using the default parameters of the 
BLAST tools  BLASTN and TBLASTX for a matching sequence for the EchAMP 
nucleotide and protein respectively against all standard databases that were available on 
the Ensembl genome browser (http://www.ensembl.org/index.html) (Altschul, Gish et 
al. 1990).  
 To identify the presence of orthologue of echidna EchAMP gene in the platypus 
genome, the echidna EchAMP cDNA sequence was aligned using BLAST against the 
platypus genome (Ensembl Ornithorhynchus anatinus version 67.1) made available on 
the Ensembl server (http://asia.ensembl.org/Ornithorhynchus_anatinus/Info/Index). The 
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GENSCAN Web server (http://genes.mit.edu/GENSCAN.html) was used to predict the 
locations and exon- intron structures of the orthologue of EchAMP gene on the platypus 
genome. 
 Sequences of monotreme casein proteins: echidna CSN1 (GenBank Accession 
no. ACU25786), echidna CSN2 (GenBank Accession no. ACU25783), echidna CSN3 
(GenBank Accession no. ACU25791), platypus CSN1 (GenBank Accession no. 
ACU25780), platypus CSN2 (GenBank Accession no. ACU25779), and platypus CSN3 
(GenBank Accession no.ACU25793) were retrieved from the NCBI website. Multiple 
alignment of the signal peptides of these sequences along with that of the EchAMP 
protein sequence was carried out using ClustalW (Thompson, Gibson et al. 2002). 
 The grand average of hydropathicity (GRAVY) of the EchAMP protein was 
determined by ProtParam software using the Kyte-Doolittle algorithm (Kyte and 
Doolittle 1982) available through the Expasy Proteomics server 
(http://www.expasy.org/proteomics). Using ProParam, hydropathicity plots were 
generated with window size taken as n = 7. Alpha-helicity plot for the EchAMP protein 
was generated by ProtScale using the Deleage and Roux scale (Deleage and Roux 1987) 
which was also available through the Expasy Proteomics server. The NetOGlyc 3.1 
server (http://www.cbs.dtu.dk/services/NetOGlyc/)  was used to predict the mucin type 
GalNAc O-glycosylation sites present in EchAMP protein (Julenius, Molgaard et al. 
2005). The antimicrobial peptide database (http://aps.unmc.edu/AP/main.php) was used 
to predict whether the EchAMP protein was a potential antimicrobial (Wang and Wang 
2004).  
  
 4.2.4  Identification of EchAMP protein in echidna milk 
 Milk samples from echidnas ‘Big Mamma’ collected on 03/12/2004 and 
27/01/2005 (A1 and A2) and  ‘4815’ collected on 17/01/2011 and 24/01/2011 (B1 and 
B2) were used for SDS-polyacrylamide gel electrophoresis after separating the milk 
cells as described before. Total protein quantification of the samples was performed 
using the Micro BCA Protein assay Kit (Thermo Scientific, USA). 70 μg of each 
protein sample was electrophoresed for 3 hours at 100 V using a 12% SDS-
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polyacrylamide gel (Sambrook and Russell 2001). After staining the gel with 
Coomassie Blue, individual bands of sample B1 (Echidna 4815 collected on 
17/01/2011) were subjected to in-gel trypsin digestion (Shevchenko, Tomas et al. 2006)  
and mass spectrometry as described in section 2.2.9 of Chapter 2. The software used for 
the analysis was Thermo Proteome Discoverer 1.3.0.339. A database containing the 
EchAMP protein sequence was loaded onto the SEQUEST algorithm and the raw data 
(spectra) obtained from the run was searched against this. Enzyme specificity was set to 
trypsin digestion with 2 missed cleavages and methionine oxidation as a dynamic 
modification. Peptide identification was accepted if they passed the filter criteria that 
was set to delta CN value 0.100, X corr vs charge values as 1.9 (+1 charge), 2.20 (+2 
charge) and 3.10 (+3 charge) and protein probability as 0.001.  
 
 4.2.5  Cloning of EchAMP gene 
 Total RNA isolated from echidna milk cells was used to generate cDNA using 
the Clontech SMART PCR cDNA synthesis kit (Clontech, Sydney, New South Wales, 
Australia) according to the manufacturer’s protocol. EchAMP primers (5'- 
TGCATAAGCTTAGCGTGGATCTTGCCTCTGT-3'; 5'-GACTAGCTCGAGGTCTT 
TTTGGATAAGAGGTTTGGA-3’) were designed to amplify the entire coding 
sequence using the Primer3 online tool (v.0.4.0) (http://frodo.wi.mit.edu/). Sequences of 
restriction sites HindIII and XhoI were included in the forward and reverse primers 
respectively, to ease the cloning of EchAMP sequence in the subsequent steps. 
Polymerase chain reaction was performed by using Taq DNA polymerase (Bioserve) 
for 35 cycles with extension at 72°C for 1 minute and annealing at 58°C for 30 seconds 
in each cycle. The amplicon was run on a 1% agarose gel to confirm the size and then 
was purified using QIAquick gel extraction kit (Qiagen, Australia), following the 
manufacturer’s instructions. It was then ligated using T4 DNA ligase (New England 
Biolabs, USA) into HindIII and XhoI-digested c-Flag pcDNA3 vector (Invitrogen) and 
then transformed into competent DH5α cells. Positive clones were selected and verified 
by sequencing. 
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 4.2.6  Expression and detection of EchAMP protein 
 HEK-293T  cells (Human embryonic kidney cell line) were maintained in 
DMEM high glucose media (Sigma- Aldrich, St. Louis) containing 10% FBS, Penicillin 
(100U/mL) and Streptomycin (100μg/mL) and incubated at 37°C under 5% CO2 
condition. A day prior to transfection, HEK293T cells (106 cells per 35mm dish) were 
seeded in serum-free Opti-MEM  media (Invitrogen). A pBS-KS vector containing a 
GFP (Green fluorescent protein) sequence cloned in-frame was used as a transfection 
control. The cells were transfected with vector c-Flag pcDNA3 containing no insert 
(empty vector) or the construct c-Flag pcDNA3-EchAMP. On the day of transfection, 
the media was replaced with 2 mL of fresh Opti-MEM media and the cells were 
transfected with Lipofectamine-2000 (Invitrogen) reagent as follows. 4 μg of DNA was 
diluted with Opti-MEM to a total volume of 250 μL and 10 μL of Lipofectamine- 2000 
reagent was mixed with 240 μL of Opti-MEM. The two were incubated for 5 minutes at 
room temperature. Following this, the diluted DNA and the diluted Lipofectamine- 
2000 were mixed together gently and incubated at room temperature for 20 minutes. 
Immediately after this, the DNA- Lipofectamine-2000 complexes were added to each 
well containing cells and medium.  Mixing was done by gently rocking the plates back 
and forth. The cells were incubated at 37°C in a CO2 incubator for 6 hours after which 
the growth medium was replaced. The success of transfection was verified using the 
fluorescent microscope to view the GFP-transfected cells after 24 hours. Media were 
collected 24 and 48 hours post transfection and centrifuged at 1000rpm for 5 minutes to 
pellet the cells and debris. The resulting media supernatant (conditioned media) were 
stored at -80°C until use. 
 To detect the presence of EchAMP protein in the conditioned media, a Criterion 
pre-cast denaturing, 15% polyacrylaminde gel (Biorad) was run by loading equal 
volumes of vector conditioned and EchAMP conditioned media collected 24 and 48 
hours post transfection along with control HEK conditioned media, each mixed with 
protein loading dye. The gel was run under denaturing conditions at 200 V for 1 hour. 
Following this, the protein bands were silver stained using the Pierce Silver Stain Kit 
(Thermo Scientific), following the manufacturer’s instructions.  
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  4.2.6.1  Anti- Flag M2 affinity purification 
  To confirm the presence of EchAMP protein in the respective 
conditioned media, Anti-Flag M2 Affinity Gel (Sigma Aldrich, USA) was used 
following the manufacturer’s instructions. Briefly, an empty chromatography column 
was placed on a firm support and rinsed twice with TBS (50 mM Tris- HCl, 150 mM 
NaCl, pH 7.4). The Anti-Flag M2 affinity resin which is stored in 50% glycerol with 
buffer was thoroughly suspended by gentle inversion and an appropriate aliquot (150 
μL) was taken for use. The suspension was transferred to the column and allowed to 
drain. The gel was washed thrice by loading sequential column volumes of 0.1 M 
glycine HCl, pH 3.5 and then with 5 column volumes of TBS. A column volume of 0.15 
M sodium chloride with neutral pH was passed through the column. EchAMP 
conditioned media collected 48 hours post transfection was passed through the column 
thrice to improve the binding efficiency. The column was then washed with 10 column 
volumes of TBS to remove any proteins that are not bound to the M2 antibody. The 
bound EchAMP protein was then eluted by competitive elution with five one-column 
volumes of TBS containing 100 μg/mL of Flag peptide (Sigma Aldrich, USA). Samples 
from each stage of the purification procedure (Flow through, washes and eluates) were 
run on a Criterion pre-cast denaturing 15% polyacrylamide gel (Biorad) and silver 
stained using the Pierce Silver Stain Kit (Thermo Scientific), following the 
manufacturer’s instructions.  
 
 4.2.7  Antibacterial assays 
 Antibacterial assays were performed using the AlamarBlue cell viability reagent 
(Invitrogen) , following the manufacturer’s instructions. Bacterial strains, Escherichia 
coli ATCC 2348/69, Staphylococcus aureus ATCC 29213, Staphylococcus aureus 
ATCC 25923, Staphylococcus epidermidis, Salmonella enterica ATCC 43971, 
Pseudomonas aeruginosa ATCC 27853 and Enterococcus faecalis ATCC 10100 were 
streaked on IsoSensitest (ISA) agar (Oxoid) plates and incubated overnight at 37°C. 
Isolated colonies of each strain were inoculated into 3 mL of IsoSensitest broth and 
grown overnight at 37°C with agitation in a shaker incubator. The overnight cultures 
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were inoculated into fresh ISA broth at a ratio of 1:100 and grown at 37°C with 
agitation until the OD600 reached 0.6. An empirically determined count of 100 cells of 
each bacterial strain in 50 μL of ISA broth were added to each well of a 96-well black 
wall, clear bottomed plate (Costar; Corning Incorporated, Corning, NY, USA). 
Conditioned media (40 μL of EchAMP protein or c-Flag pcDNA3 empty vector 
control) and AlamarBlue (10 μL) were added to each well. Bacitracin (100 μg/ mL) was 
used as the positive control for the assay.  The plates were incubated at 37°C with 
shaking and fluorescence was measured every hour at an excitation of 544 nm and 
emission at 590 nm using Glomax Multi Detection System (Promega). All treatments 
were performed in triplicate and experiments were repeated at least thrice. 
 
 4.2.8  Statistical analysis 
 Statistical analysis of all comparative data was done using the two-tailed t-test, 
taking the statistical significance at P < 0.05. 
 
4.3 RESULTS 
 4.3.1  EchAMP transcript was identified in cDNA library of echidna milk cells 
 A cDNA library was constructed by Dr. Julie Sharp from the total RNA isolated 
from milk cells that were harvested from an echidna ‘Big Mamma’ during its late- 
lactation in 2004. The titre of the library was about 5.8 X 104 cfu (colony forming 
units). Randomly picked colonies were sequenced and the relative gene expression from 
the EST counts were estimated. Of the 922 total EstID counts, a novel, un-annotated 
sequence appeared 13 times and this nucleotide sequence was labeled as Contig 12; the 
corresponding gene was later annotated as EchAMP.  This novel transcript was the 
tenth most highly expressed transcript, after the sequences for CSN2, BLG, CSN3, 
CSN2b, C6orf58, CSN1 and a few other known sequences (Figure 4.1).  




Figure 4.1: Identification of EchAMP transcript 
Relative abundance of the EchAMP transcript in echidna milk cells as compared to that of other  
major milk proteins. A novel sequence was found to be the tenth most highly expressed 
transcript as determined by cDNA sequencing of echidna milk cells; the corresponding gene 
was named as EchAMP (GenBank Accession no. KC148542). 
 
 4.3.2   EchAMP expression profile in echidna tissues 
 The EchAMP gene expression relative to GAPDH was studied in different 
tissues of echidna through Reverse transcriptase PCR analysis. It was revealed that 
there was comparatively a high level of expression of EchAMP in the milk cells and a 
low level of expression in the intestine (higher in ileum than in jejunum and 
duodenum), liver, testes and penis. No expression was detected in the heart, thyroid, 
spleen and kidney (Figure 4.2). 




Figure 4.2: Expression profile of EchAMP in different echidna tissues 
Expression of EchAMP relative to GAPDH was determined by reverse-transcriptase PCR in 
different echidna tissues. Comparatively high level of expression of EchAMP was seen in milk 
cells while a low level of expression was detected in intestine, liver, testes and penis. 
 
 4.3.3  In silico analyses of EchAMP protein 
 In silico analysis of the EchAMP cDNA sequence using the NCBI ORF Finder 
tool (http://www.ncbi.nlm.nih.gov/projects/gorf/) revealed that it contained an open-
reading frame translating to a protein of 90 amino acids. A search for the presence of 
any functional domains or repeats in the EchAMP protein sequence using the InterPro 
integrated database (http://www.ebi.ac.uk/interpro/) did not reveal any significant 
matches. Additionally, a  search was conducted using the default parameters of the 
BLAST tools BLASTN and TBLASTX for a matching sequence for the EchAMP 
nucleotide and protein respectively against all standard databases available on the 
Ensembl genome browser and this also did not yield any significant match. 
 
  4.3.3.1  Signal P prediction 
  The SignalP 4.0 server  (http://www.cbs.dtu.dk/services/SignalP/) 
predicted the presence of a signal peptide of 19 amino acids in the EchAMP protein 
sequence (Figure 4.3). The most likely cleavage site was found to be between amino 
acids 19 and 20: ASG-AK. This cleavage site was in consensus with those of other 
eukaryotic secretory proteins. 




Figure 4.3: Signal P Prediction for EchAMP protein 
SignalP 4.0 server predicted the presence of signal peptide in EchAMP protein with a 
probability of 1.  The amino acid positions are indicated on the X-axis. The most likely cleavage 
site in the signal peptide was between amino acids 19 and 20 (indicated in red).  
 
  4.3.3.2  Cationicity and hydropathicity 
  The GRAVY (Grand Average of Hydropathicity) score for EchAMP 
protein (with and without signal peptide) had a negative value, indicating that it was 
hydrophilic in nature. This was in agreement with the respective percentages of cationic 
amino acid residues (Table 4.1)  
Table 4.1: GRAVY of EchAMP protein 
Protein GRAVY No. of cationic 
residues 
No. of anionic 
residues 
EchAMP (full length; 
90 aa) 
-0.348 14 14 
EchAMP (without 
signal sequence; 71 
aa) 
-0.977 13 14 
GRAVY (grand average of hydropathicity) is the computed mean of hydrophobicity 
and hydrophilicity values for individual amino acid residues. A negative GRAVY score 
indicates hydrophilicity while a positive value indicates hydrophobicity. aa: amino acids 
 
 While a GRAVY score represents the average hydropathicity of the protein, the  
Kyte and Doolittle plot presents the hydropathicity scores of individual amino acids and 
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are calculated based on the neighbouring residues in a specified window size. 
Considering the window size n=7, it was found that the N-terminal of EchAMP protein 
was hydrophobic while the central and C-terminal portions were hydrophilic. A steep 
increase in hydrophilicity was observed around the signal peptide cleavage site of the 
protein (Figure 4.4). 
 
Figure 4.4: Kyte and Doolittle hydropathicity plot for EchAMP protein 
Amino acid position is presented on the X-axis. Kyte and Doolittle hydropathicity scores 
(window size n=7) for individual amino acids are on the Y-axis. The N-terminal region of 
EchAMP protein is hydrophobic while the central and C-terminal portions are hydrophilic. A 
steep increase in hydrophilicity is observed around the signal peptide cleavage site of the 
protein. 
 
  4.3.3.3  Multiple alignment of EchAMP signal peptide with monotreme 
casein signal peptides using ClustalW 
  The EchAMP signal peptide was aligned with the signal peptides of 
monotreme casein proteins by ClustalW and this analysis showed that the EchAMP 
signal peptide shared two identical, three conserved and two semi-conserved amino 
acids with caseins (Figure 4.5).  




Figure 4.5: Multiple alignment of signal peptides of monotreme caseins and EchAMP 
protein 
The EchAMP signal peptide shares two identical (*), three conserved (:) and two semi-
conserved amino acids (.) with other monotreme casein signal peptides. E: Echidna; P: 
Platypus; CSN1: α-casein; CSN2: β-casein; CSN3: Ƙ-casein. Colors indicate the 
physicochemical properties of residues. Red: Small + Hydrophobic; Magenta: Basic; Green: 
Hydroxyl + Sulfhydryl + Amine 
 
 4.3.4  EchAMP protein was identified in echidna milk 
 Milk samples from echidnas ‘ M’ collected on 03/12/2004 and 27/01/2005 (A1 
and A2) and  ‘4815’ collected on 17/01/2011 and 24/01/2011 (B1 and B2) were used 
for visualization of total proteins by SDS-polyacrylamide gel electrophoresis and they 
showed similar protein profiles (Figure 4.6). Individual bands of sample Echidna 4815 
(17/01/2011) were subjected to in-gel trypsin digestion and mass spectrometry. The 
spectra of bands E3 and E4 showed a significant match with peptides within the protein 
sequence annotated as Contig 12 with high confidence levels when analyzed against the 
monotreme milk proteome database. This protein was later named as ‘EchAMP’ and its 
cognate nucleotide sequence and was submitted to GenBank (Accession no. 
KC148542). 




Figure 4.6: Identification of EchAMP protein in echidna milk 
A1, A2 and B1, B2 represent milk samples collected from two lactating echidnas at two 
different time points during their late-lactation phase. 70 μg protein of each sample was 
electrophoresed for 3 hours at 100 V using a 12% SDS-Polyacrylamide gel. Bands E3 and E4 
were excised from the gel, subjected to in-gel trypsin digestion and anlaysed by LTQ Orbitrap 
Velos. The spectra of peptides from these bands showed a significant match with EchAMP 
protein with high confidence levels. 
 
 4.3.5  Deleague- Roux Alpha- helicity plot 
 The alpha-helicity of EchAMP protein was determined using Deleage-Roux 
algorithm with a cut-off score of 0.99. The protein had significant alpha helical 
structure in the N-terminal region, followed by a steep decrease in alpha helicity in the 
region spanning the amino acids 20-23. A second dip in alpha helicity was seen 
between the amino acids 55-65. The rest of the sequence was above the cut-off score 
although the middle hydrophilic region had the highest score (Figure 4.7). 




Figure 4.7: Deleage-Roux apha-helicity plot for EchAMP protein 
The amino acid positions are indicated on the X-axis. The alpha-helicity scores are indicated on 
the Y- axis. The cut-off score was taken as 0.99. The EchAMP protein has significant alpha 
helical structure in the N-terminal region, followed by a steep decrease in the region spanning 
the amino acids 20-23. A second dip in alpha helicity is seen between the amino acids 55-65. 
 
 4.3.6  Mucin- type O-glycosylation sites in EchAMP protein 
 The predictions for mucin type GalNAc O-glycosylation sites in the EchAMP 
protein by the  NetOGlyc 3.1 server revealed that the protein had 6 potential sites for 
the same. All the sites were well above the threshold (Figure 4.8). 
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Figure 4.8: Mucin type O- glycosylation sites in EchAMP protein 
NetOGlyc 3.1 server predicted the presence of six sites for mucin type O-glycosylation in 
EchAMP protein. The amino acid positions are indicated on the X-axis. The O-glycosylation 
potential is indicated on the Y-axis.  
 
 4.3.7   EchAMP gene was identified in platypus genome 
 The echidna Contig 12 of 612 bases containing the EchAMP transcript sequence 
showed homology to three consecutive matching sequences in the Supercontig Contig 
58030 of Ensemble Ornithorhynchus anatinus version 67.1 with percentage identities of  
93.69%, 97.56% and 88.42% respectively (Figure 4.9), upon employing the BLAST 
tool. The stretches of three consecutive matching sequences in the platypus genome 
were intervened with non-matching sequences and were predicted to correspond to exon 
and intron sequences respectively. The predicted exon/intron junctions of the EchAMP 
gene in platypus genome were in agreement with the eukaryotic splice junctions. 
However, the last coding exon of the echidna  EchAMP transcript did not show any 
homology to the platypus genome as the platypus Supercontig did not extend into the 3’ 
region of the predicted platypus EchAMP gene. The orthologue of EchAMP gene on the 
platypus genome was designated as PlatAMP.  
 The GENSCAN Web server (http://genes.mit.edu/GENSCAN.html) predicted a 
partial PatAMP peptide sequence of 53 amino acids based on the input PlatAMP 
genomic sequence. This partial PlatAMP peptide sequence was aligned with the 
EchAMP protein sequence using ClustalW.  The putative PlatAMP peptide shared 94% 
identity with the EchAMP protein sequence including  six potential sites for mucin-type 
GalNAc O-glycosylation (Figure 4.9). The alpha- helicity plot of PlatAMP partial 
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peptide as determined using Deleage-Roux algorithm was identical to that of the 
EchAMP protein (initial 53 amino acids), indicating the presence of significant alpha- 
helical structure.  
 
Figure 4.9: Identification of EchAMP gene in platypus genome 
(A) Schematic representation of BLAST analysis of echidna EchAMP sequence against 
platypus genome. The sequences on platypus supercontig that showed homology with the 
echidna EchAMP were intervened with non-matching sequences and corresponded to exon and 
intron sequences respectively. The predicted exon/intron junctions in the platypus genome were 
in consensus with eukaryotic splice junctions. The last coding exon of the echidna EchAMP  
sequence did not show any homology to the platypus genome. The platypus orthologue of 
EchAMP was designated as PlatAMP. (B) Alignment of  Genscan predicted partial PlatAMP 
peptide sequence with EchAMP protein sequence. The putative PlatAMP peptide shared 94% 
identity with the EchAMP protein. The underlined amino acids in the PlatAMP indicate the 
sites of potential mucin-type GalNAc O-glycosylation. Identical amino acid (*); conserved 
amino acid (:) ; semi-conserved amino acid (.). Colors indicate the physicochemical properties 
of residues. Red: Small + Hydrophobic; Magenta: Basic; Blue: Acidic; Green: Hydroxyl + 
Sulfhydryl + Amine 
 
 4.3.8  Construction  of vector c-Flag pcDNA3-EchAMP 
 The EchAMP cDNA was amplified from the total cDNA generated from 
echidna milk cells and was subsequently cloned into the mammalian expression vector 
c-Flag pcDNA3 (Figure 4.10). 




Figure 4.10: Structure of c- Flag pcDNA3- EchAMP vector 
The amplified EchAMP cDNA was cloned downstream of CMV promoter between the HindIII 
and XhoI restriction sites in the c-Flag pcDNA3 vector. The vector had a c- terminal Flag tag in 
fusion with the EchAMP cDNA.  
 
 4.3.9  Transfection of HEK293T cells and collection of EchAMP conditioned          
media 
 Since the EchAMP protein was predicted to be of secretory nature, its secretion 
by the transfected cells into the surrounding media was determined. Equal volumes of  
vector conditioned media and EchAMP conditioned media that were  collected 24 and 
48 hours post transfection along with control HEK conditioned media were run on a 
15% SDS- polyacrylamide gel under denaturing conditions. The EchAMP protein 
present in the respective conditioned media was detected by silver staining of this 
polyacrylamide gel (Figure 4.11). No corresponding band was seen in vector 
conditioned or control HEK293T conditioned media. The EchAMP protein was found 
to be higher in conditioned media collected 48 hours post transfection in comparison to 
the one collected at 24 hours. 




Figure 4.11: Detection EchAMP protein in conditioned media 
The EchAMP protein present in respective conditioned media (CM) was detected by silver 
staining. No corresponding band was seen in vector conditioned or control (Ctrl) HEK293T 
conditioned media. The EchAMP protein was found to be higher in conditioned media collected 
48 hours post transfection as compared to the one collected at 24 hours.  
 
 Further, the EchAMP protein was purified from the respective conditioned 
media collected 48 hours post transfection using an Anti- Flag M2 Affinity Gel column. 
Samples from each stage of the purification procedure were run on a 15% SDS- 
polyacrylamide gel which was later silver stained. Purified EchAMP protein in the 
eluates were detected on the gel thereby confirming its presence in the respective 
conditioned media (Figure 4.12).  




Figure 4.12: Anti-Flag M2 Affinity Gel purification of EchAMP protein 
The EchAMP protein was purified from the conditioned media collected 48 hours post 
transfection using an Anti-Flag M2 Affinity Gel column. Silver staining of samples from each 
stage of the purification procedure run on a 15% SDS- polyacrylamide gel showed the presence 
of the purified EchAMP protein in the eluates. 
 
 4.3.10  Antibacterial assays 
 EchAMP protein was examined for inhibition of growth of a host of bacterial 
species (Gram positive bacteria: Staphylococcus aureus and Enterococcus feacalis; 
Gram negative bacteria: Eischerichia coli, Pseudomonas aeruginosa and Salmonella 
enterica) (Figure 4.13). Antibacterial assays were performed using the conditioned 
media of HEK293T cells transfected with either EchAMP or empty vector pcDNA3. 
 Antibacterial activity of EchAMP protein was compared to the no treatment 
control (empty vector) using a two-tailed t-test where P<0.05 was considered as 
significant. EchAMP protein was found to have statistically significant bacteriostatic 
activity against E. coli [Figure 4.13 (A)] , Salmonella enterica [Figure 4.13 (B)] and 
Staphylococcus aureus (29213 and 25923) [Figure 4.13 (C) and (D)]. EchAMP showed 
statistically highly significant inhibition of growth of Staphylococcus epidermidis 
[Figure 4.13 (E)]  and Pseudomonas aeruginosa [Figure 4.13 (F)]  However, EchAMP 
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showed absolutely no inhibition of growth of the bacterial species, Enterococcus 
faecalis [Figure 4.13 (G)]. 




Figure 4.13: Antibacterial assays 
(A) Bacteriostatic activity using E.coli 2348/69: EchAMP  showed significant  inhibition of 
growth as compared to the empty vector (pcDNA3) P<0.05 (B) Bacteriostatic activity using 
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Salmonella enterica 43971: EchAMP  showed significant  inhibition of growth as compared to 
the empty vector (pcDNA3) P<0.05 (C) Bacteriostatic activity using Staphylococcus aureus 
29213: EchAMP  showed significant  inhibition of growth as compared to the empty vector 
(pcDNA3) P<0.05 (D) Bacteriostatic activity using Staphylococcus aureus 25923 : EchAMP  
showed significant  inhibition of growth as compared to the empty vector (pcDNA3) P<0.05 (E) 
Bacteriostatic activity using Staphylococcus epidermidis : EchAMP  showed  highly significant  
inhibition of growth as compared to the empty vector (pcDNA3) P<0.05 (F) Bacteriostatic 
activity using Pseudomonas aeruginosa 27853: EchAMP  showed highly significant  inhibition 
of growth as compared to the empty vector (pcDNA3) P<0.05 (G) Bacteriostatic activity using 
Enterococcus faecalis 10100: EchAMP  showed no inhibition of growth as compared to the 
empty vector and bacitracin P>0.05 (* Statistically significant  result P <0.05). Each assay was 





The study of lactation in monotremes is of particular interest to lactation biologists as 
these animals represent an interesting combination of reptiles and mammals. The 
duration of lactation in monotremes is prolonged relative to the gestational length and 
the period of incubation of eggs. Apart for a short weaning period, milk is the sole 
source of nutrition and protection for the hatchlings which are altricial and 
immunologically naïve. Since much of the development of the monotreme young occurs 
in the non- sterile, ex utero environment, the study of the role of milk in the growth, 
development and disease protection of the young needs to be established.  
 Echidna and platypus are protected species and access to their samples is highly 
limited. Therefore, harvesting cells from their milk has been pursued as a non- invasive 
approach for the analysis of their lactation (Lefevre, Sharp et al. 2009). These milk cells 
were an ambiguous mixture of cells that included skin cells, immune cells, exfoliated 
epithelial cells from the ducts and mammary or sebaceous glands. Such a presence of 
somatic cells in milk have been reported in many extant mammals, viz. sheep (Nel-
Themaat, Gomez et al. 2007), cattle (Paape and Tucker 1966) and humans (Lindquist, 
Hansson et al. 1994). However, in the current case, it has been observed with cDNA 
sequencing that several casein and whey protein gene transcripts were detected at very 
high levels, thereby indicating that monotreme milk cells harvested during peak 
lactation are enriched in exfoliated mammary epithelial cells. The EchAMP transcript 
showed relatively high abundance, after the sequences for known major milk protein 
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genes such as the CSN2, BLG, CSN3, CSN2b and CSN1. Those transcripts which 
showed relatively lower abundance than EchAMP also belonged to other known major 
milk protein genes such as lysozyme and WAP. These observations together with the 
confirmatory evidence that EchAMP transcript was indeed profoundly expressed in the 
milk cells as against any other tissue suggested that it was playing a potentially 
prominent role during the lactation of echidna. The non- availability of cells or RNA 
from the mammary gland of a non- lactating echidna curtailed the determination of 
endogenous expression of EchAMP during the non- lactating period.  
 To complement the high expression of EchAMP transcript in echidna milk cells, 
a search was initiated to identify its cognate protein and/or peptides in echidna milk 
samples. As anticipated, peptides corresponding to the EchAMP protein were identified 
in a sample of echidna milk through mass spectrometry. This further confirmed the in 
silico analyses that indicated that the cognate protein of EchAMP would be hydrophilic 
and secretory in nature.   
  Three consecutive sequences showing homology to EchAMP cDNA 
with high percentage identity were discovered in platypus genome. This provides 
considerable evidence for the presence of orthologue of EchAMP gene in platypus, 
which has been designated as PlatAMP. Through RNA sequencing of platypus milk 
cells, transcripts belonging to PlatAMP were identified and their FPKM scores of 
658.398 classifies the gene as among the highly expressed ones.  It is possible that the 
last coding exon of EchAMP transcript did not find any homology sequence in platypus 
genome probably due to the latter’s incompleteness. Conversely, the variation in the 
sequences for the same gene among echidna and platypus which shared a common 
ancestor about 21.2 million years ago (Warren, Hillier et al. 2008) cannot be ruled out. 
However, insufficient platypus RNA samples curtailed further attempts to derive the 
matching sequence for the last coding part of the echidna EchAMP transcript by 
approaches such as PCR or RACE (rapid amplification of cDNA ends). Nevertheless, it 
is noteworthy that the predicted PlatAMP partial peptide sequence was found to be 
highly similar (94%) to the EchAMP protein sequence and also shared similar features 
of alpha- helicity and post- translational modifications, thereby indicating similar 
function. With no significant matching sequence found in any of the standard databases 
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available at the Ensemble Genome Browser, it has been proposed that the EchAMP 
gene is specific to monotremes alone. 
 Monotremes display a component of synapsidal reproduction by laying eggs that 
are incubated in the ex utero, non-sterile environment while milk is the sole source of 
nutrition during the period of suckling which is prolonged relative to gestation and 
incubation of eggs (Griffiths 1978), except for a short weaning period (Morrow and 
Nicol 2013). It has often been speculated that during evolution, the protolacteal 
secretions enhanced the survival of eggs or the young by virtue of their antimicrobial 
properties (Blackburn, Hayssen et al. 1989; Oftedal 2002; Oftedal 2012). With the same 
concept being extended to monotremes, it has been hypothesized that the survival of 
eggs or the young is enhanced by microbial inhibitors of cutaneous or mammary gland 
origin (Hayssen and Blackburn 1985). With these speculations, it was reasonable to 
determine whether EchAMP, a novel monotreme-specific milk protein displayed any 
protective attributes. In this regard, preliminary in silico analyses were done to deduce 
any structural features of the EchAMP protein that could be correlated to its speculated 
protective function. 
 Broadly, antimicrobial peptides are categorized to one of the three structural 
classes namely: peptides with alpha-helical structures, peptides with beta-sheet 
structures stabilized by disulphide bridges and peptides with extended or loop structures 
(Boman 2003; Lai and Gallo 2009). EchAMP protein structurally qualified to be a 
potential antimicrobial peptide as it contained an overall significant alpha- helical 
structure. Additionally, the predictions from the Antimicrobial Peptide Database (Wang 
and Wang 2004) were supportive of its possible antimicrobial potential by interacting 
with bacterial membranes by its virtue to form alpha helices.  
 At this point, another in silico prediction for the possible post- translational 
modifications, especially the occurrence of the mucin type GalNAc O-glycosylation for 
the EchAMP protein accumulated more promise for it to carry antimicrobial activity. 
The EchAMP protein had 6 potential sites for this post-translational modification 
(Figure 4.8) wherein glycans are attached via O-linked GalNAc (α-N-
acetylgalactosamine) to Ser or Thr residues of the protein (Hansen, Lund et al. 1998; 
Julenius, Molgaard et al. 2005). In general, mucin type O-glycosylation has been 
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structurally characterized for a number of tissue-specific secretions that includes mucins 
in milk from lactating breast epithelium (Hanisch, Uhlenbruck et al. 1989; Hanisch, 
Peter-Katalinic et al. 1990). With evidence that the milk mucin is capable of inhibiting 
the replication of rota virus (Yolken, Peterson et al. 1992), it has been regarded that O-
linked mucin carbohydrates may be one of the initial barriers belonging to the 
components of innate immunity (Hanisch 2001). It is also possible that the purpose of 
O-glycosylation is to shield the protein core against protease activity (Kozarsky, 
Kingsley et al. 1988), thereby increasing its longevity.  
 Although there is severe lack of information regarding the commensal bacteria 
of the echidna gut or skin, one report describes the identification of bacteria like 
Leptospira inter-rogans, Salmonellae, Aeromonashydrophila, Escherichia coli and 
Pseudomonas aeruginosa from platypus under various infectious conditions (Munday, 
Whittington et al. 1998).  In the present study, the inhibition of bacterial growth in vitro 
during antibacterial assays using the EchAMP conditioned media validated the 
speculated antimicrobial activity of this protein. The EchAMP protein exhibited 
significant antibacterial activity against the pathogenic bacteria E. coli, S. enterica, P. 
aeruginosa and Staphylococcus spp. However, there was no antibacterial activity 
against the Gram-positive commensal bacterium Enterococcus faecalis. This indicates 
that EchAMP protein targets specific-strains of bacteria. Salmonellae, Eischerichia coli 
and Pseudomonas aeruginosa are some of the bacteria that have been associated with  
infections in platypus, both in wild and in captivity (Munday, Whittington et al. 1998). 
Acute Salmonellosis has been reported in captive echidnas while Staphylococcus spp. 
has been  isolated from lesions in echidnas diagnosed with bacterial granulomata 
(McOrist and Smales 1986). With respect to the mammary gland, mastitis is the most 
common infection and Staphylococcus aureus, E. coli and Streptococcus spp. have been 
frequently isolated in conditions of human and bovine mastitis (Oeding 1952; Bradley 
and Green 2001; Borm, Fox et al. 2006; Barkema, Green et al. 2009).  
 E. faecalis is one of the predominant harmless commensals found in the 
gastrointestinal tract in diverse species such as human, marsupials and most other 
vertebrates (Fanaro, Chierici et al. 2003). It has been reported that paucity of species in 
the sparsely colonized immature gut of infants, together with a lack of protective Gram 
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positive species may aggravate the pathogenesis of neonatal necrotizing enterocolitis, 
because it may allow the overgrowth of pathogenic species (Gewolb, Schwalbe et al. 
1999; Claud and Walker 2001). Correlating the faint expression of EchAMP transcript 
in the intestine and the EchAMP protein showing no antibacterial activity against E. 
faecalis, it may be appropriate to emphasize the specific antibacterial activity of this 
secretory milk protein against pathogenic bacteria while showing no activity on 
beneficial commensal species. Further during the weaning period, the gut flora in the 
young has to change from one adapted to a diet of highly digestible milk to one adapted 
to a diet of invertebrates. These microbes have to be passed on from the mother to the 
young and therefore it would seem reasonable that milk antimicrobials produced by the 
mother, such as the EchAMP, would not have any effect on beneficial commensal 
species. 
 The bacteriostatic activity exhibited by EchAMP against P. aeruginosa and S. 
epidermidis is highly significant. P. aeruginosa is a versatile pathogen associated with a 
broad  spectrum of infections in humans. It is an important cause of infection in 
immune-suppressed individuals and treatment is rendered increasingly problematic as 
the bacterium is inherently resistant to many antimicrobials and the resistance is being 
spread to few agents that remain as therapeutic options (Kerr and Snelling 2009). On 
the other hand, S. epidermidis was previously regarded as an innocuous commensal 
microorganism of skin and mucous membranes of  human and other mammals (Kloos 
and Schleifer 1986) but is now considered  as an important opportunistic pathogen. Its 
specific molecular determinants that facilitate immune evasion, the presence of specific 
antibiotic resistance genes and hence its ability to cause chronic disease makes it 
extremely difficult to treat (Heikkonen, Palmu et al. 1986; Otto 2009). It is generally 
seen that infections from yet another Gram positive bacterium, S. aureus, are usually 
caused from the same strain that the animal carries as a commensal. Such infections can 
affect the blood stream, skin, soft tissues and lower respiratory tracts (Williams, Jevons 
et al. 1959; Plata, Rosato et al. 2009) and perhaps antibacterial proteins in monotreme 
milk such as the EchAMP confer protection to the young as well as the mammary gland 
of the mother against such infections. 
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  The Gram negative bacterium  S. enterica is a highly host-adapted 
pathogen and its infections are a major problem in humans as well as in livestock 
animals such as cattle, pigs and chicken (Gopinath, Carden et al. 2012). This bacterium 
is reported to contain several pathogenicity islands which encode virulence factors that 
induce inflammation in the host (Haraga, Ohlson et al. 2008). However, the bacterium 
is able to exploit the same inflammation for nutrients and outcompetes other bacterial 
species in the gut (Winter, Thiennimitr et al. 2010). The other Gram negative bacterium 
E. coli belongs to a group of enteropathogens that exploit host epithelial cells and are 
the major cause of infantile diarrhea (Finlay, Ruschkowski et al. 1996; DeVinney, 
Gauthier et al. 1999).  
 Taken together, it is evident that EchAMP, a novel monotreme-specific milk 
protein is capable of conferring protection to the underdeveloped, immunologically 
naïve young outside the sterile confines of the uterus, in the harsh pathogen-laden 
environments. However, whether EchAMP protein is present in echidna milk during all 
phases of lactation needs to be determined.  The monotreme mammary gland lacks 
nipples, and therefore the altricial young is more likely to ingest pathogens while 
suckling compared to any other species. This is a significant difference between 
monotremes and marsupials which also give birth to altricial young, but the milk 
delivery is aided by a nipple to which the young is attached continuously for the first 
100 days of lactation (Tyndale-Biscoe and Janssens 1988; Nicholas, Simpson et al. 
1997). It is proposed that the evolution of nipples and development of offspring in utero 
in the placental mammals (metatherian and eutherian) could have led to the loss of 
selective pressure for the preservation of this gene and hence its subsequent 
disappearance in these species. For an example, there is a precedence of selective loss 
of genes involved in gastric function in platypus, which diverged from the therian 
lineage early during mammalian evolution. Not with-standing the high conservation in 
vertebrates for more than 400 million years, genes encoding the gastric proteases, 
hormone gastrin, both the subunits of the gastric H+/K+-ATPase and the neurogenin-3 
transcription factor have either been deleted or inactivated in platypus genome, giving 
rise to physiological differences in digestion between monotremes and therians 
(Ordonez, Hillier et al. 2008). 
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 To conclude, I have described in this chapter, the identification of a monotreme- 
specific transcript that is abundantly expressed in cells harvested from echidna milk 
collected at late-lactation and its cognate protein product that is secreted into milk at 
this time. Consecutive sequences showing homology to the EchAMP cDNA were 
identified in the platypus genome and corresponding RNA was identified in platypus 
milk cells,  providing substantial evidence for the presence of its orthologue annotated 
as PlatAMP in this species too. To facilitate the study of function of the EchAMP 
protein, I have expressed its cDNA in HEK293T cells and the conditioned media from 
these cells displayed significant antibacterial activity against a panel of Gram positive 
and Gram negative bacteria, confirming its computationally predicted activity. These 
data provide support to the hypothesis of enhancement of survival of monotreme young  
by antibacterial bioactives of mammary gland origin (Hayssen and Blackburn 1985; 
Oftedal 2012). Further, these data are consistent with the speculation that monotreme 
genomes have evolved under evolutionary pressure to protect immunologically naïve 
young with broad spectrum antibiotics (Wang, Wong et al. 2011) and thus emphasize an 
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 The main aim of the project was to evaluate monotreme models (echidna and 
platypus), in the context of understanding the primitive mammary gland and lactation 
process. Lactation is a complex phenomenon that involves various adaptations: 
morphological, physiological, biochemical, ecological and behavioral. Evolutionary 
studies indicate that milk originated as a glandular skin secretion in synapsids (i.e., the 
lineage ancestral to mammals) approximately 310 million years ago (Oftedal 2012). 
Early synapsids laid eggs with parchment-like shells that were ectohydric, intolerant to 
desiccation, and dependent on external sources of moisture for completion of 
development. The mammary gland is speculated to have evolved from apocrine-like 
glands that combined many modes of secretion and developed in association with hair 
follicles. Further, with respect to the evolutionary origin of milk,  comparative analyses 
of its various constituents support a scenario in which these secretions evolved into a 
nutrient-rich milk long before mammals arose. In addition, a variety of antimicrobial 
and secretory constituents were found to have co-opted into novel roles related to 
nutrition of the young (Blackburn, Hayssen et al. 1989; Oftedal 2002; Lefevre, Sharp et 
al. 2010; Oftedal 2012).  
 
 Monotremes, comprised of the extant platypus and echidna, occupy a very 
strategic position in the mammalian tree of evolution because of their intriguing 
combination of reptilian and mammalian characteristics. The present thesis has assessed 
the monotreme models in understanding the evolution of mammary gland function. In 
this regard, the objectives of this project were designed as follows: 
¾ To examine and define changes in milk composition of the monotreme lactation 
cycle and compare these to the marsupial and eutherian lactation cycles
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¾ To identify the genes associated with monotreme lactation that could give an 
insight into the evolution of mammary gland 
¾ To identify and characterize factor(s) in monotreme milk that contribute for the 
protection of monotreme eggs and hatchlings in the non-sterile ex-utero 
environments 
 
The results indicate that the objectives were achieved to a significant level. Some of 
their salient points are highlighted in this following sections. 
 
 6.1.1  Progressive changes in milk composition during echidna lactation are 
comparable but not reciprocal to that of marsupials 
 Monotremes emerged during the earliest split in the mammalian phylogeny as 
Prototherians, separated from the Theria about 166-220 million years ago (Nicol 2003; 
Bininda-Emonds, Cardillo et al. 2007; Hedges and Kumar 2009). Although some 
reports on monotreme milk are available (Shaw, Messer et al. 1993; Sharp, Lefevre et 
al. 2007; Lefevre, Sharp et al. 2009), it was unclear whether the milk composition 
changed during the course of lactation. The nearest evolutionary relatives of 
monotremes, i.e., the marsupials are known to present a sophisticated and extended 
lactation program characterized by the production of milk of constantly changing 
composition to support the development of their altricial young (Tyndale-Biscoe, 
Renfree et al. 1987). In contrast, the eutherians in general, produce a milk of relatively 
constant composition, apart from the initial colostrum (Lefevre, Sharp et al. 2010). In 
this scenario, it is important to decipher the milk composition across the monotreme 
lactation cycle in order to understand the nature of the primitive prototherian lactation 
system that nourishes the monotreme eggs and the hatchlings during their development 
in the ex utero environments. 
 The research presented in Chapter 2 indicate that the milk composition of 
Tasmanian echidna changes across lactation. Specifically, the total carbohydrate and 
triglyceride concentrations were seen to increase towards late lactation. This period 
correlated with the timing of exit of the young echidna from the burrow. Therefore, the 
observed increase in triglyceride concentration towards late lactation may be connected 
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to the infrequency of suckling as the young are generally known not to take in milk for 
3- 4 days at a time. However, at a single nursing, the young of Tasmanian and 
Kangaroo Island echidnas are observed to be capable of taking an amount of milk that is 
equal to about 20% and 11-46% of their live weight respectively (Rismiller and 
McKelvey 2009; Morrow and Nicol 2013). Therefore, an increase in lipid content of 
echidna milk during late lactation is speculated to meet the energy demands of the 
young one because of its gradual increase in foraging activities to consume a solid adult 
diet, prior to complete weaning. Such a trend is similar to that observed previously in 
marsupials (Cowan 1989; Nicholas, Simpson et al. 1997) where there is a large increase 
in milk triglyceride that correlates with the timing of the young exiting the pouch or the 
nest to forage for food. Further, the change in carbohydrate concentration in milk 
towards late lactation is predicted to occur to establish the correct gut flora and 
compensate for the decline in total carbohydrate as the weaning young begins to make a 
transition to protein rich food as part of their insectivorous diet. This is in contrast to the 
carbohydrate concentration during late lactation in the milk of herbivorous tammar 
wallaby (Nicholas, Simpson et al. 1997), but is similar to that of carnivorous common 
brushtail possum (Crisp, Cowan et al. 1989). 
 The total protein concentration across lactation in Tasmanian echidna did not 
show any significant quantitative changes. However, the whey protein profiles were 
qualitatively different during early, peak and late lactation stages. Maximum growth 
and development of young occurs during the period of suckling and  milk protein is 
their only source of amino acids for building muscles, hair, spines, toes and claws 
between hatching and 150 days of age when the young begin to wean (Morrow and 
Nicol 2013). Most of the differentially regulated proteins across different phases in 
echidna milk were identified to be possessing antimicrobial and immunomodulatory 
activities. Therefore, it appears that these novel, phase- specific whey proteins are 
delivered through milk to protect the suckling young against microbial insults. On the 
other hand, this pattern of qualitatively different phase-specific changes in whey 
proteins in echidna milk whilst the total protein concentration remains nearly similar 
across lactation is particularly interesting as it is contrastingly different from that 
observed in marsupials (Brennan, Sharp et al. 2007; Khalil, Digby et al. 2008). For 
example, tammar wallabies display a distinct trend in protein composition by secreting 
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small volumes of dilute milk low in protein during phase 2 of lactation while milk with 
elevated level of protein are characteristic of phase 3 of lactation. In addition, some 
proteins such as ELP, WAP and LLPs are synthesized and secreted only during 
specific-phases of lactation (Nicholas, Simpson et al. 1997).  
 In scanning electron microscopy experiments have identified the existence of 
casein micelles in monotreme milk. The physical linkage of casein genes as ‘the casein 
loci’ has been observed in all mammalian genomes, including platypus (Lefevre, Sharp 
et al. 2009). Additionally, the monotreme lineage has a recent duplication of the β- 
casein gene (Lefevre, Sharp et al. 2009), in contrast to the duplications of α-caseins in 
the eutherian lineage (Rijnkels 2002). It is speculated that during evolution of lactation, 
secretory calcium-binding phosphoproteins may originally have had a role in calcium 
delivery to eggs. However, by evolving into large, complex casein micelles, they took 
on an important role in transport of amino acids, calcium and phosphorus. It is further 
suggested that the caseins micelles would have come into existence during the Permian 
and Triassic periods, i.e., between 208-290 million years ago (Oftedal 2012). The data 
from the current study showed the existence of casein proteins as micellar structures in 
monotreme milk, in turn confirming the early mammalian origin of casein micelles. 
Accordingly, this would have occurred long before the earliest split in the mammalian 
phylogeny that established the Prototheria (monotremes), separated from the Theria 
about 166-220 million years ago (Lefevre, Sharp et al. 2010). 
 
 6.1.2  Echidna milk acts as a continuum with the egg environment and may be 
supplying signals for the completion of ex utero development of young 
 Although the origin of lactation in mammals is a fundamental question for both 
molecular and evolutionary biologists, inadequate fossil evidences together with the 
lack of extant species representing transitional steps in the development of mammary 
gland physiology curtail any resolution to this query. However, study of mammary 
glands of the extant monotremes may offer a plausible solution because of their 
positioning in the evolutionary tree. Therefore, cells harvested from echidna milk, 
which are representative of the cognate mammary gland were employed for the study in 
Chapter 3. Because of its robustness, sensitivity and precision, the technology of RNA-
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seq was used to decipher the transcriptome of the echidna milk cells in order to get an 
insight into the nature of the prototherian mammary gland. Studies employing RNA-seq 
to understand the milk somatic cell transcriptome in other species such as human and 
cow have already indicated this as a useful and valid approach (Medrano, Rincon et al. 
2010; Wickramasinghe, Rincon et al. 2012). 
 The data from Chapter 3 establish that the pattern of gene expression in echidna 
milk cells majorly reflect the function of mammary epithelial cells during lactation. 
Although the cells separated from echidna milk could include skin cells, immune cells 
and exfoliated cells from ducts of mammary or sebaceous glands (Lefevre, Sharp et al. 
2009), transcriptome analyses confirmed that most of the genes were significantly 
involved with protein synthesis infrastructure, regulation of translation and metabolism 
of proteins. In addition, strong dominance of the total mRNA pool by milk protein 
genes such as CSN2, WAP, EchAMP and LYZ conclusively indicate the enrichment of 
echidna milk cells by exfoliated mammary epithelial cells.  
 A search for signatures of oviparity led to the identification of expression of a 
number of egg white protein genes such as ovostatin, ovotransferrin, lysozyme C and 
SPINK1 etc. in echidna milk cells. It may be recalled that mammary secretions are 
speculated to have originally evolved as a means of supplying moisture to eggs (Oftedal 
2002). In addition, the porous eggshell and bilaminar yolk sac membrane of monotreme 
eggs are known to permit substantial uptake of uterine secretions during the intrauterine 
period, and are further indicated to facilitate uptake of mammary secretions during egg 
incubation (Oftedal 2002). Previously this theory was purely speculative. However, the 
identification of expression of major egg white proteins in echidna milk cells in the 
current study provides the first evidence to suggest that milk in its primitive form may 
indeed have been acting to provide moisture in the form of a fluid that contained 
components in common with egg white proteins. The expression of these proteins in 
milk provides the first link between the egg and ex utero environments. The early 
strategy of milk secretion may therefore have begun as a fluid that acted as a continuum 
with the egg environment and later evolved into a more complex milk. Further, the 
degree of similarity in the transcriptome of echidna milk cells with genes/ proteins of 
human amniotic fluid supports the speculation that essential signals and support for the 
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completion of ex utero development of the echidna young may be provided through the 
medium of milk. In this context, the consumption of monotreme milk by the suckling 
young is reminiscent with the ingestion and inhalation of the amniotic fluid by the fetus 
during the gestation period in viviparous mammals (Friis-Hansen 1983). Moreover, 
monotremes are the only aplacental mammals while marsupials and eutherians are 
placental mammals (Oftedal 2002; Oftedal and Dhouailly 2013). The present study has 
confirmed the expression of few genes for placental proteins that were expressed in 
echidna milk cells, indicating that the cognate proteins could be secreted into echidna 
milk, although this needs further validation. At this point, it may not be surprising if the 
early milk of monotremes were found to be significantly different from that of 
marsupials owing to their differential reproductive apparatuses. Monotreme milk, 
therefore, appears to contain proteins that provide support for the egg and also delivers 
proteins to the hatchling that are provided to eutherian young via the placenta and 
amniotic fluid. It is tempting to speculate that the same milieu of proteins are required 
for the development of all young but are temporally delivered via different mechanisms 
in monotremes, marsupials and eutherians, i.e., milk, milk and primitive placenta, and 
placenta, amniotic fluid and milk, respectively.  
 Cross- fostering experiments conducted with tammar wallabies have 
conclusively determined that the lactating mother regulates the changes in her milk 
composition, which in turn determines the rate of pouch young growth and 
development. For example, when a pouch young at an early stage of lactation was 
transferred to the mammary gland of a tammar at a later stage of lactation, the fostered 
young grew and developed at an accelerated rate (Nicholas, Simpson et al. 1997; Trott, 
Simpson et al. 2003). Therefore, it is possible that monotreme milk also delivers 
specific stimulatory signals to the suckling young at distinct stages of its development. 
Taken together, echidna milk cells, with their expression of genes for egg white, 
amniotic fluid factors, casein and whey proteins, may represent a very important stage 
during the transition from oviparity to viviparity with respect to the evolution of milk.  
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 6.1.3  EchAMP is a novel, monotreme-specific antimicrobial milk protein 
 Apart from the nutritional aspects, the protective properties of milk in various 
mammals have been reported time and again. Interestingly, it has been hypothesized   
that the nutritional value of milk evolved subsequently to its immunological function 
(Hayssen and Blackburn 1985). In egg-laying mammals, the monotremes, it is 
speculated that the survival of monotreme young  is enhanced due to antimicrobial 
bioactives of cutaneous or mammary gland origin (Hayssen and Blackburn 1985; 
Oftedal 2012). The hatchlings emerge from the egg in an altricial state without any 
immunological tissue (Tyndale-Biscoe, Renfree et al. 1987).  However, expression of 
cathelicidins and defensins genes have been reported to be absent in platypus milk cells 
(Whittington, Sharp et al. 2009) and were also not detected in the current study in 
echidna. This indicates the possibility of existence of other bioactive molecules in 
monotreme milk  that were not previously known.  
 The data from Chapter 4 have identified a novel, monotreme-specific gene 
annotated as EchAMP and it was found to be abundantly expressed in echidna milk 
cells during lactation. The peptides belonging to the EchAMP protein were identified in 
echidna milk. Consecutive sequences showing homology to the EchAMP cDNA were 
found in the platypus genome and equivalent RNA was identified in platypus milk cells, 
indicating the presence of its orthologue. Various in silico analyses indicated putative 
antimicrobial potential for the EchAMP protein. This was confirmed when the cognate 
recombinant protein of EchAMP displayed significant antibacterial activity against a 
host of bacteria. Interestingly,  no effect was seen on a harmless gut commensal species.  
Put together, these data indicate that EchAMP protein is capable of conferring 
protection to the underdeveloped, immunologically naïve young outside the sterile 
confines of the uterus, in the harsh pathogen-laden environments. This is consistent with 
the speculation that monotreme genomes have evolved under evolutionary pressure to 
protect immunologically naïve young with broad spectrum antibiotics (Wang, Wong et 
al. 2011). 
 Since the monotreme mammary gland lacks nipples, the altricial young is more 
likely to ingest pathogens while suckling compared to any other species. This is a 
significant difference between monotremes and marsupials which also give birth to 
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altricial young, but the milk delivery is aided by a nipple to which the young is attached 
continuously for the first 100 days of lactation (Tyndale-Biscoe and Janssens 1988; 
Nicholas, Simpson et al. 1997). Therefore, it is proposed that the evolution of nipples 
and development of offspring in utero in the placental mammals (Metatherian and 
Eutherian) could have led to the loss of selective pressure for the preservation of 
EchAMP gene and hence its subsequent disappearance in these species. 
 
6.2 CONCLUSIONS 
 Monotremes have proved to be legitimate models to understand the evolution of 
mammary gland function and in turn, the process of lactation.  From the results of this 
thesis, it is quite comprehensible that lactation originated to provide moisture and 
nutrition to both the eggs and the subsequent hatchings. There is substantial evidence to 
note that the primitive form of milk was clearly acting as a continuum with the egg 
environment, providing moisture to the parchment-shelled eggs along with the supply of 
nutrients across their porous egg membranes during the period of egg incubation. In 
addition, vital signals and support for the completion of ex utero embryogenesis of 
echidna young appeared to be delivered through the medium of milk. This phenomenon 
is reminiscent with the ingestion of amniotic fluid by the fetus during gestation and 
transfer of proteins via the placenta in viviparous mammals.  Following the hatching of 
the eggs, with the maximum development of the young ones occurring in the external 
environment, milk acts as the sole source of nourishment during the relatively long 
period of suckling. To meet the energy requirements of the young and also to establish 
its correct gut flora before it gradually makes a transition to its insectivorous diet, 
echidna milk composition changes across lactation. For example, the total carbohydrate 
and triglyceride concentrations increase towards late lactation, correlating with the 
timing of the exit of the young from the burrow. In contrast, the total protein does not 
change quantitatively across lactation although phase- specific changes in whey protein 
profiles were observed. Further, the altricial monotreme young is more likely to ingest 
pathogens while suckling compared to any other species. However, the existence of 
novel, monotreme- specific antimicrobial milk proteins such as EchAMP confer 
protection to the underdeveloped, immunologically naïve young outside the sterile 
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confines of the uterus, in the harsh pathogen-laden environments, thereby compensating 
for the absence of expression of cathelicidin or defensin genes in monotreme milk cells.  
 
6.3 FUTURE PROSPECTS 
 The results in this thesis have set the stage for future studies. With the 
confirmation that casein proteins exist as micelles in monotreme milk, it would be 
interesting to decipher whether milk can exist in its native form even in the complete 
absence of casein micelles. However, due to the unavailability of an extant mammalian 
species with the absence of casein loci in its genome and hence the casein micelles in its 
milk, the technology of knockout mice generation can be used to answer this question. 
Previously, knockout studies have shown that β-casein has no essential function and 
that the casein micelle is remarkably tolerant of changes in composition (Kumar, Clarke 
et al. 1994). Employing a similar approach, it has been found that κ-casein is essential 
for lactation as the respective null mice failed to suckle their pups due to destabilization 
of the micelles in the lumina of the mammary gland (Shekar, Goel et al. 2006). 
Meanwhile, milk of α-casein knockout mice showed a reduction in other milk proteins 
and the neonates fed with respective milk displayed a permanent reduction in their body 
sizes (Kolb, Huber et al. 2011). With this background, creation of a mouse in which the 
casein locus is knocked out would be an appropriate experimental model to understand 
the concepts of lactation with ‘casein micelle-free’ milk or otherwise. 
 Ever since the first application of antibiotics to treat bacterial infections, the 
development and spread of resistance has been a persistent threat. The serious concerns 
regarding the future effectiveness of currently available antibiotics and the lack of 
antibiotic agents in the pipeline has prompted several initiatives to identify and 
implement the discovery and development of antibiotic agents of the future. The work 
done in this thesis has identified EchAMP as a novel, monotreme-specific antimicrobial 
milk protein that is capable of inhibiting the growth of a host of pathogenic bacteria 
(Bisana, Kumar et al. 2013). Reducing the pressure for the creation of new synthetic 
antibiotics, EchAMP qualifies as a protein that can be studied at depth in order to 
understand its in vivo functions in the mammary gland. This can be achieved through 
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the use of transgenic mouse technology. The mammary gland of transgenic mice 
expressing the EchAMP gene can be subjected to experimentally induced mastitis and the 
response of these animals can be studied in comparison to the wildtype. Further, the 
protective attributes of milk from these transgenic mice can be used to evaluate its activity 
in comparison to the milk from wildtype animals. The outcomes from the proposed study 
would help in exploiting the potential of EchAMP protein for use as a milk bioactive in 
dairy industry.   In addition, work directed towards testing the synergy exhibited by 
EchAMP and any other antibiotic could be beneficial, given the widespread antibiotic 
resistance among bacteria. 
 The potential bioactive proteins in monotreme milk aiding in the development of 
the young can be extrapolated to research on premature human babies by looking for 
human homologues of the monotreme bioactives. For this, the effect of monotreme milk 
in developmental progression can be initially studied through well established 
techniques such as organ cultures of stomach, lung etc. Preliminary data on the effect of 
tammar wallaby milk proteins on in vitro gut and lung development (Sanjana Kuruppath 
and Vengamanaidu Modepalli; personal communications) have been found to be 
promising.  
 With recent technical advances that are enabling single-cell transcriptomics, 
perhaps it would be worthwhile to decipher the monotreme milk cells at a higher 
resolution. Since the milk cells represent a heterogeneous group of various types of 
cells, it would be interesting to probe whether the noted expression of genes for egg 
white, placental proteins, amniotic fluid factors and milk proteins belonged to a single 
type of cell or was the cumulative representation of multiple types of cells. Whether 
these multiple sets of genes are regulated intricately by a single type of cell or it 
involves various cells in numerous dimensions can be better appreciated. This might 
further deepen our present understanding of the prototherian mammary gland and its 










Chapter 6  
Bibliography
  Chapter 6 
165 
 
                        
BIBLIOGRAPHY 
Altschul, S. F., W. Gish, et al. (1990). "Basic local alignment search tool." J Mol Biol 
215(3): 403-410. 
Anderson, R. (1978). "Embryonic and fetal development of the mammary apparatus." 
Lactation: a comprehensive treatise 4: 3-40. 
Anderson, S. M., M. C. Rudolph, et al. (2007). "Key stages in mammary gland 
development. Secretory activation in the mammary gland: it's not just about milk 
protein synthesis!" Breast Cancer Res 9(1): 204. 
Andolfatto, P., D. Davison, et al. (2011). "Multiplexed shotgun genotyping for rapid 
and efficient genetic mapping." Genome Res 21(4): 610-617. 
Archibald, J. D. (2001). "Eutheria (Placental Mammals)." eLS. 
Asch, H. L. and B. B. Asch (1985). "Expression of keratins and other cytoskeletal 
proteins in mouse mammary epithelium during the normal developmental cycle and 
primary culture." Dev Biol 107(2): 470-482. 
Baird, N. A., P. D. Etter, et al. (2008). "Rapid SNP discovery and genetic mapping 
using sequenced RAD markers." PLoS One 3(10): e3376. 
Baker, E. N., H. M. Baker, et al. (2002). "Lactoferrin and transferrin: functional 
variations on a common structural framework." Biochem Cell Biol 80(1): 27-34. 
Baker, M. L., S. Indiviglio, et al. (2007). "Analysis of a set of Australian northern 
brown bandicoot expressed sequence tags with comparison to the genome sequence of 
the South American grey short tailed opossum." BMC Genomics 8: 50. 
Bals, R. and J. M. Wilson (2003). "Cathelicidins--a family of multifunctional 
antimicrobial peptides." Cell Mol Life Sci 60(4): 711-720. 
Bar-Shira, E. and A. Friedman (2006). "Development and adaptations of innate 
immunity in the gastrointestinal tract of the newly hatched chick." Dev Comp Immunol 
30(10): 930-941. 
Barinaga, M. (2002). "Cells exchanged during pregnancy live on." Science 296(5576): 
2169-2172. 
Barkema, H. W., M. J. Green, et al. (2009). "Invited review: The role of contagious 
disease in udder health." J Dairy Sci 92(10): 4717-4729. 
Chapter 6  References 
166 
 
Barnes, J. A. and I. W. Smoak (2000). "Glucose-regulated protein 78 (GRP78) is 
elevated in embryonic mouse heart and induced following hypoglycemic stress." Anat 
Embryol (Berl) 202(1): 67-74. 
Barrington, G. M., T. E. Besser, et al. (1997). "Expression of immunoglobulin G1 
receptors by bovine mammary epithelial cells and mammary leukocytes." J Dairy Sci 
80(1): 86-93. 
Basden, K., D. W. Cooper, et al. (1997). "Development of the lymphoid tissues of the 
tammar wallaby Macropus eugenii." Reprod Fertil Dev 9(2): 243-254. 
Batish, V., H. Chander, et al. (1988). "Antibacterial activity of lactoferrin against some 
common food-borne pathogenic organisms." Australian Journal of Dairy Technology 
43(1): 16-18. 
Beard, L., G. C. Grigg, et al. (1992). Reproduction by echidnas in a cold climate. 
Platypus and echidnas. 
Behringer, R. R., G. S. Eakin, et al. (2006). "Mammalian diversity: gametes, embryos 
and reproduction." Reprod Fertil Dev 18(1-2): 99-107. 
Bellamy, W., M. Takase, et al. (1992). "Antibacterial spectrum of lactoferricin B, a 
potent bactericidal peptide derived from the N-terminal region of bovine lactoferrin." J 
Appl Bacteriol 73(6): 472-479. 
Bethge, P., S. Munks, et al. (2004). Platypus burrow temperatures at a subalpine 
Tasmanian lake. Proceedings- Linnean Society of New South Wales, Linnean Society 
of New South Wales. 
Bingle, L., S. S. Cross, et al. (2006). "WFDC2 (HE4): a potential role in the innate 
immunity of the oral cavity and respiratory tract and the development of 
adenocarcinomas of the lung." Respir Res 7: 61. 
Bininda-Emonds, O. R., M. Cardillo, et al. (2007). "The delayed rise of present-day 
mammals." Nature 446(7135): 507-512. 
Bionaz, M. and J. J. Loor (2008). "Gene networks driving bovine milk fat synthesis 
during the lactation cycle." BMC Genomics 9: 366. 
Bionaz, M., S. Rodriguez-Zas, et al. (2007). MammOmics (TM): transcript profiling of 
the mammary gland during the lactation cycle in Holstein cows. Journal of Dairy 
Science, AMER DAIRY SCIENCE ASSOC 1111 N DUNLAP AVE, SAVOY, IL 
61874 USA. 
Bisana, S., S. Kumar, et al. (2013). "Identification and Functional Characterization of a 
Novel Monotreme- Specific Antibacterial Protein Expressed during Lactation." PLoS 
One 8(1): e53686. 
Chapter 6  References 
167 
 
Blackburn, D. G. (1992). "Convergent evolution of viviparity, matrotrophy, and 
specializations for fetal nutrition in reptiles and other vertebrates." American Zoologist 
32(2): 313-321. 
Blackburn, D. G. (1993). "Lactation: historical patterns and potential for manipulation." 
J Dairy Sci 76(10): 3195-3212. 
Blackburn, D. G., V. Hayssen, et al. (1989). "The origins of lactation and the evolution 
of milk: a review with new hypotheses." Mammal Review 19(1): 1-26. 
Boehm, G. and B. Stahl (2007). "Oligosaccharides from milk." J Nutr 137(3 Suppl 2): 
847S-849S. 
Bogan, R., R. C. Riddle, et al. (2013). "A mouse model for human osteogenesis 
imperfecta type VI." J Bone Miner Res 28(7): 1531-1536. 
Boman, H. G. (2003). "Antibacterial peptides: basic facts and emerging concepts." J 
Intern Med 254(3): 197-215. 
Borm, A. A., L. K. Fox, et al. (2006). "Effects of prepartum intramammary antibiotic 
therapy on udder health, milk production, and reproductive performance in dairy 
heifers." J Dairy Sci 89(6): 2090-2098. 
Boutinaud, M. and H. Jammes (2002). "Potential uses of milk epithelial cells: a review." 
Reprod Nutr Dev 42(2): 133-147. 
Bradley, A. J. and M. J. Green (2001). "Adaptation of Escherichia coli to the bovine 
mammary gland." J Clin Microbiol 39(5): 1845-1849. 
Brawand, D., W. Wahli, et al. (2008). "Loss of egg yolk genes in mammals and the 
origin of lactation and placentation." PLoS Biol 6(3): e63. 
Brennan, A. J., J. A. Sharp, et al. (2007). "The tammar wallaby: a model to examine 
endocrine and local control of lactation." IUBMB Life 59(3): 146-150. 
Bresslau, E. (1907). Die Entwickelung des Mammarapparates der Monotremen: 
Marsupialier und einiger Placentalier, Gustav Fischer. 
Bresslau, E. and J. P. Hill (1920). The mammary apparatus of the Mammalia in the light 
of ontogenesis and phylogenesis, Methuen. 
Brisken, C. (2002). "Hormonal control of alveolar development and its implications for 
breast carcinogenesis." J Mammary Gland Biol Neoplasia 7(1): 39-48. 
Brisken, C. and R. D. Rajaram (2006). "Alveolar and lactogenic differentiation." J 
Mammary Gland Biol Neoplasia 11(3-4): 239-248. 
Brown, R. E., K. L. Jarvis, et al. (1989). "Protein measurement using bicinchoninic 
acid: elimination of interfering substances." Anal Biochem 180(1): 136-139. 
Chapter 6  References 
168 
 
Brown, T. L., B. C. Moulton, et al. (1996). "Apolipoprotein J/clusterin expression 
defines distinct stages of blastocyst implantation in the mouse uterus." Biol Reprod 
55(4): 740-747. 
Burdon, T., L. Sankaran, et al. (1991). "Expression of a whey acidic protein transgene 
during mammary development. Evidence for different mechanisms of regulation during 
pregnancy and lactation." J Biol Chem 266(11): 6909-6914. 
Burdon, T., R. J. Wall, et al. (1991). "Over-expression of an endogenous milk protein 
gene in transgenic mice is associated with impaired mammary alveolar development 
and a milchlos phenotype." Mech Dev 36(1-2): 67-74. 
Burgoyne, R. D. and J. S. Duncan (1998). "Secretion of milk proteins." J Mammary 
Gland Biol Neoplasia 3(3): 275-286. 
Butler, J. (1973). "Synthesis and distribution of immunoglobulins." Journal of the 
American Veterinary Medical Association. 
Byrne, B. M., M. Gruber, et al. (1989). "The evolution of egg yolk proteins." Prog 
Biophys Mol Biol 53(1): 33-69. 
Capuco, A. V. and R. M. Akers (1999). "Mammary involution in dairy animals." J 
Mammary Gland Biol Neoplasia 4(2): 137-144. 
Capuco, A. V. and S. Ellis (2005). "Bovine mammary progenitor cells: current concepts 
and future directions." J Mammary Gland Biol Neoplasia 10(1): 5-15. 
Čechova, D., V. Jonakova, et al. (1971). "Primary structure of trypsin inhibitor from 
cow colostrum (component B2)." Collection of Czechoslovak Chemical 
Communications 36(9): 3342-3357. 
Chandan, R., R. Parry Jr, et al. (1968). "Lysozyme, Lipase, and Ribonuclease in Milk of 
Various Species< sup> 1, 2</sup>." Journal of Dairy Science 51(4): 606-607. 
Claud, E. C. and W. A. Walker (2001). "Hypothesis: inappropriate colonization of the 
premature intestine can cause neonatal necrotizing enterocolitis." FASEB J 15(8): 1398-
1403. 
Cowan, P. E. (1989). "Changes in milk composition during lactation in the common 
brushtail possum, Trichosurus vulpecula (Marsupialia: Phalangeridae)." Reprod Fertil 
Dev 1(4): 325-335. 
Cowie, A. T., I. A. Forsyth, et al. (1980). "Hormonal control of lactation." Monogr 
Endocrinol 15: I-XIV, 1-275. 
Cowin, P. and J. Wysolmerski (2010). "Molecular mechanisms guiding embryonic 
mammary gland development." Cold Spring Harb Perspect Biol 2(6): a003251. 
Cregan, M. D., Y. Fan, et al. (2007). "Identification of nestin-positive putative 
mammary stem cells in human breastmilk." Cell Tissue Res 329(1): 129-136. 
Chapter 6  References 
169 
 
Crisp, E. A., P. E. Cowan, et al. (1989). "Changes in milk carbohydrates during 
lactation in the common brushtail possum, Trichosurus vulpecula 
(Marsupialia:Phalangeridae)." Reprod Fertil Dev 1(4): 309-314. 
Cross, J. C. (2006). "Placental function in development and disease." Reprod Fertil Dev 
18(1-2): 71-76. 
Czank, C., J. Henderson, et al. (2007). "Hormonal control of the lactation cycle." 
Textbook of human lactation (First ed., pp. 89-111). Amarillo, TX: Hale Publishing. 
Daly, K. A., M. Digby, et al. (2007). "Analysis of the expression of immunoglobulins 
throughout lactation suggests two periods of immune transfer in the tammar wallaby 
(Macropus eugenii)." Vet Immunol Immunopathol 120(3-4): 187-200. 
Daly, K. A., M. R. Digby, et al. (2008). "Identification, characterization and expression 
of cathelicidin in the pouch young of tammar wallaby (Macropus eugenii)." Comp 
Biochem Physiol B Biochem Mol Biol 149(3): 524-533. 
Davies, D. R. and H. Metzger (1983). "Structural basis of antibody function." Annu Rev 
Immunol 1: 87-117. 
Dawson, D. W., O. V. Volpert, et al. (1999). "Pigment epithelium-derived factor: a 
potent inhibitor of angiogenesis." Science 285(5425): 245-248. 
Dawson, T. J. (1983). Monotremes and marsupials: the other mammals, E. Arnold 
London. 
De Kruif, C. (1998). "Supra-aggregates of casein micelles as a prelude to coagulation." 
Journal of Dairy Science 81(11): 3019-3028. 
De Kruif, C. and C. Holt (2003). Casein micelle structure, functions and interactions. 
Advanced Dairy Chemistry—1 Proteins, Springer: 233-276. 
Deleage, G. and B. Roux (1987). "An algorithm for protein secondary structure 
prediction based on class prediction." Protein Eng 1(4): 289-294. 
Demmer, J., I. K. Ross, et al. (1998). "Differential expression of milk protein genes 
during lactation in the common brushtail possum (Trichosurus vulpecula)." J Mol 
Endocrinol 20(1): 37-44. 
Demmer, J., S. J. Stasiuk, et al. (2001). "Differential expression of the whey acidic 
protein gene during lactation in the brushtail possum (Trichosurus vulpecula)." Biochim 
Biophys Acta 1522(3): 187-194. 
DeVinney, R., A. Gauthier, et al. (1999). "Enteropathogenic Escherichia coli: a 
pathogen that inserts its own receptor into host cells." Cell Mol Life Sci 55(6-7): 961-
976. 
Dils, R. R. (1986). "Comparative aspects of milk fat synthesis." J Dairy Sci 69(3): 904-
910. 
Chapter 6  References 
170 
 
Do Carmo, S., J. C. Forest, et al. (2009). "Modulation of Apolipoprotein D levels in 
human pregnancy and association with gestational weight gain." Reprod Biol 
Endocrinol 7: 92. 
Dodd, S. C., I. A. Forsyth, et al. (1994). "Hormonal induction of alpha-lactalbumin and 
beta-lactoglobulin in cultured mammary explants from pregnant pigs." J Dairy Res 
61(1): 35-45. 
Drayna, D., C. Fielding, et al. (1986). "Cloning and expression of human apolipoprotein 
D cDNA." J Biol Chem 261(35): 16535-16539. 
Dulbecco, R., W. R. Allen, et al. (1986). "Marker evolution during the development of 
the rat mammary gland: stem cells identified by markers and the role of myoepithelial 
cells." Cancer Res 46(5): 2449-2456. 
Elshire, R. J., J. C. Glaubitz, et al. (2011). "A robust, simple genotyping-by-sequencing 
(GBS) approach for high diversity species." PLoS One 6(5): e19379. 
Fanaro, S., R. Chierici, et al. (2003). "Intestinal microflora in early infancy: 
composition and development." Acta Paediatr Suppl 91(441): 48-55. 
Ferreira, A. M., S. L. Bislev, et al. (2013). "The mammary gland in domestic ruminants: 
A systems biology perspective." J Proteomics 94C: 110-123. 
Findlay, L. (1982). "The mammary glands of the tammar wallaby (Macropus eugenii) 
during pregnancy and lactation." J Reprod Fertil 65(1): 59-66. 
Finlay, B. B., S. Ruschkowski, et al. (1996). "Enteropathogenic E. coli exploitation of 
host epithelial cells." Ann N Y Acad Sci 797: 26-31. 
Finucane, K. A., T. B. McFadden, et al. (2008). "Onset of lactation in the bovine 
mammary gland: gene expression profiling indicates a strong inhibition of gene 
expression in cell proliferation." Funct Integr Genomics 8(3): 251-264. 
Flannery, T. and C. Groves (1998). "A revision of the genus Zaglossus (Monotremata, 
Tachyglossidae), with description of new species and subspecies." Mammalia 62(3): 
367-396. 
Fleay, D. H. (1944). We breed the platypus, Robertson & Mullens. 
Fleet, I. R., J. A. Goode, et al. (1975). "Secretory activity of goat mammary glands 
during pregnancy and the onset of lactation." J Physiol 251(3): 763-773. 
Flower, D. R. (1996). "The lipocalin protein family: structure and function." Biochem J 
318 ( Pt 1): 1-14. 
Flynn, T. T. and J. P. Hill (1939). "The Development of the Monotremata.—Part IV. 
Growth of the Ovarian Ovum, Maturation, Fertilisation, and Early Cleavage." The 
Transactions of the Zoological Society of London 24(6): 445-622. 
Chapter 6  References 
171 
 
Fossati, P. and L. Prencipe (1982). "Serum triglycerides determined colorimetrically 
with an enzyme that produces hydrogen peroxide." Clin Chem 28(10): 2077-2080. 
Franke, W. W., M. R. Luder, et al. (1976). "Involvement of vesicle coat material in 
casein secretion and surface regeneration." J Cell Biol 69(1): 173-195. 
Friis-Hansen, B. (1983). "Water distribution in the foetus and newborn infant." Acta 
Paediatr Scand Suppl 305: 7-11. 
Ganfornina, M. D., D. Sanchez, et al. (2005). "Molecular characterization and 
developmental expression pattern of the chicken apolipoprotein D gene: implications 
for the evolution of vertebrate lipocalins." Dev Dyn 232(1): 191-199. 
Ganz, T. (2003). "Defensins: antimicrobial peptides of innate immunity." Nat Rev 
Immunol 3(9): 710-720. 
German, J. B. and C. J. Dillard (2006). "Composition, structure and absorption of milk 
lipids: a source of energy, fat-soluble nutrients and bioactive molecules." Crit Rev Food 
Sci Nutr 46(1): 57-92. 
German, J. B., C. J. Dillard, et al. (2002). "Bioactive components in milk." Curr Opin 
Clin Nutr Metab Care 5(6): 653-658. 
Gewolb, I. H., R. S. Schwalbe, et al. (1999). "Stool microflora in extremely low 
birthweight infants." Arch Dis Child Fetal Neonatal Ed 80(3): F167-173. 
Gillin, F. D., D. S. Reiner, et al. (1983). "Human milk kills parasitic intestinal 
protozoa." Science 221(4617): 1290-1292. 
Ginger, M. R. and M. R. Grigor (1999). "Comparative aspects of milk caseins." Comp 
Biochem Physiol B Biochem Mol Biol 124(2): 133-145. 
Gobbetti, M., L. Stepaniak, et al. (2002). "Latent bioactive peptides in milk proteins: 
proteolytic activation and significance in dairy processing." Crit Rev Food Sci Nutr 
42(3): 223-239. 
Godovac-Zimmermann, J. (1988). "The structural motif of beta-lactoglobulin and 
retinol-binding protein: a basic framework for binding and transport of small 
hydrophobic molecules?" Trends Biochem Sci 13(2): 64-66. 
Goitsuka, R., C. L. Chen, et al. (2007). "Chicken cathelicidin-B1, an antimicrobial 
guardian at the mucosal M cell gateway." Proc Natl Acad Sci U S A 104(38): 15063-
15068. 
Goldman, A. S. (2012). "Evolution of immune functions of the mammary gland and 
protection of the infant." Breastfeed Med 7(3): 132-142. 
Gopinath, S., S. Carden, et al. (2012). "Shedding light on Salmonella carriers." Trends 
Microbiol. 
Chapter 6  References 
172 
 
Grant, T. (1989). "Ornithorhynchidae." Mammalia 1: 436-450. 
Grant, T. (2007). Platypus, CSIRO PUBLISHING. 
Grant, T., M. Griffiths, et al. (1983). "Aspects of Lactation in the Platypus, 
Ornithorhynchus anatinus (Monotremata), in Waters of Eastern New South Wales." 
Australian Journal of Zoology 31(6): 881-889. 
Grant, T., M. Griffiths, et al. (2004). Breeding in a Free-ranging Population of 
Platypuses, Ornithorhynchus anatinus, in the Upper Shoalhaven River, New South 
Wales-a 27 Year Study. Proceedings of the Linnean Society of New South Wales, 
Linnean Society of New South Wales. 
Green, B., M. Griffiths, et al. (1983). "Qualitative and quantitative changes in milk fat 
during lactation in the tammar wallaby (Macropus eugenii)." Aust J Biol Sci 36(5-6): 
455-461. 
Green, B., J. Merchant, et al. (1987). "Milk composition in the eastern quoll, Dasyurus 
viverrinus (Marsupialia:Dasyuridae)." Aust J Biol Sci 40(4): 379-387. 
Green, K. A. and C. H. Streuli (2004). "Apoptosis regulation in the mammary gland." 
Cell Mol Life Sci 61(15): 1867-1883. 
Griffiths, M. (1965). "Rate of growth and intake of milk in a suckling echidna." Comp 
Biochem Physiol 16(4): 383-392. 
Griffiths, M. (1968). "Echidnas." 
Griffiths, M. (1978). The biology of the monotremes, Academic Press New York. 
Griffiths, M., M. Elliott, et al. (1973). "Observations of the comparative anatomy and 
ultrastructure of mammary glands and on the fatty acids of the triglycerides in platypus 
and echidna milk fats." Journal of Zoology 169(2): 255-279. 
Griffiths, M., B. Green, et al. (1984). "Constituents of platypus and echidna milk, with 
particular reference to the fatty acid complement of the triglycerides." Australian 
journal of biological sciences 37(6): 323-330. 
Griffiths, M., F. Kristo, et al. (1988). "Observations on free-living, lactating echidnas, 
Tachyglossus aculeatus (Monotremata: Tachyglossidae), and sucklings." Australian 
Mammalogy 11: 135-144. 
Grigor, M. R. (1980). "Structure of milk triacylglycerols of five marsupials and one 
monotreme: evidence for an unusual pattern common to marsupials and eutherians but 
not found in the echidna, a monotreme." Comparative Biochemistry and Physiology 
Part B: Comparative Biochemistry 65(2): 427-430. 
Grützner, F. (2009). "Platypus Genome Provides Unique Insights into Early 
Mammalian Evolution and Monotreme Biology." eLS. 
Chapter 6  References 
173 
 
Grutzner, F. and J. A. Graves (2004). "A platypus' eye view of the mammalian 
genome." Curr Opin Genet Dev 14(6): 642-649. 
Guss, J. M., M. Messer, et al. (1997). "Structure of the calcium-binding echidna milk 
lysozyme at 1.9 A resolution." Acta Crystallogr D Biol Crystallogr 53(Pt 4): 355-363. 
Hajjoubi, S., S. Rival-Gervier, et al. (2006). "Ruminants genome no longer contains 
Whey Acidic Protein gene but only a pseudogene." Gene 370: 104-112. 
Hakansson, A., B. Zhivotovsky, et al. (1995). "Apoptosis induced by a human milk 
protein." Proc Natl Acad Sci U S A 92(17): 8064-8068. 
Hanisch, F. G. (2001). "O-glycosylation of the mucin type." Biol Chem 382(2): 143-
149. 
Hanisch, F. G., J. Peter-Katalinic, et al. (1990). "Structures of acidic O-linked 
polylactosaminoglycans on human skim milk mucins." Glycoconj J 7(6): 525-543. 
Hanisch, F. G., G. Uhlenbruck, et al. (1989). "Structures of neutral O-linked 
polylactosaminoglycans on human skim milk mucins. A novel type of linearly extended 
poly-N-acetyllactosamine backbones with Gal beta(1-4)GlcNAc beta(1-6) repeating 
units." J Biol Chem 264(2): 872-883. 
Hansen, J. E., O. Lund, et al. (1998). "NetOglyc: prediction of mucin type O-
glycosylation sites based on sequence context and surface accessibility." Glycoconj J 
15(2): 115-130. 
Hanson, L. A. (2000). "The mother-offspring dyad and the immune system." Acta 
Paediatr 89(3): 252-258. 
Haraga, A., M. B. Ohlson, et al. (2008). "Salmonellae interplay with host cells." Nat 
Rev Microbiol 6(1): 53-66. 
Hartmann, P. E. (1973). "Changes in the composition and yield of the mammary 
secretion of cows during the initiation of lactation." J Endocrinol 59(2): 231-247. 
Hassiotou, F., A. Beltran, et al. (2012). "Breastmilk is a novel source of stem cells with 
multilineage differentiation potential." Stem Cells 30(10): 2164-2174. 
Hassiotou, F. and D. Geddes (2013). "Anatomy of the human mammary gland: Current 
status of knowledge." Clin Anat 26(1): 29-48. 
Hassiotou, F., D. T. Geddes, et al. (2013). "Cells in human milk: state of the science." J 
Hum Lact 29(2): 171-182. 
Hawkins, M. and A. Battaglia (2009). "Breeding behaviour of the platypus 
(Ornithorhynchus anatinus) in captivity." Australian Journal of Zoology 57(4): 283-293. 
Hayssen, V. (1993). "Empirical and theoretical constraints on the evolution of 
lactation." J Dairy Sci 76(10): 3213-3233. 
Chapter 6  References 
174 
 
Hayssen, V. and D. Blackburn (1985). "α-Lactalbumin and the origins of lactation." 
Evolution 39(5): 1147-1149. 
Hedges, S. B. and S. Kumar (2009). The timetree of life, OUP Oxford. 
Heikkonen, L., A. Palmu, et al. (1986). "Multiresistant Staphylococcus epidermidis as a 
pathogen." Ann Clin Res 18(2): 80-83. 
Hernandez-Ledesma, B., I. Recio, et al. (2008). "Beta-lactoglobulin as source of 
bioactive peptides." Amino Acids 35(2): 257-265. 
Hickman, C. P., L. S. Roberts, et al. (2006). Integrated principles of zoology, McGraw-
Hill New York, NY. 
Ho, F. C., R. L. Wong, et al. (1979). "Human colostral and breast milk cells. A light and 
electron microscopic study." Acta Paediatr Scand 68(3): 389-396. 
Holland, N. and S. M. Jackson (2002). "Reproductive behaviour and food consumption 
associated with the captive breeding of platypus (Ornithorhynchus anatinus)." Journal 
of Zoology 256(3): 279-288. 
Holt, C. (1992). "Structure and stability of bovine casein micelles." Adv Protein Chem 
43: 63-151. 
Hopper, K. E. and H. A. McKenzie (1974). "Comparative studies of alpha-lactalbumin 
and lysozyme: Echidna lysozyme." Mol Cell Biochem 3(2): 93-108. 
Horne, D. S., S. Anema, et al. (2007). "A lactational study of the composition and 
integrity of casein micelles from the milk of the tammar wallaby (Macropus eugenii)." 
Arch Biochem Biophys 467(1): 107-118. 
Hovey, R. C., J. F. Trott, et al. (2002). "Establishing a framework for the functional 
mammary gland: from endocrinology to morphology." J Mammary Gland Biol 
Neoplasia 7(1): 17-38. 
Huang da, W., B. T. Sherman, et al. (2009). "Systematic and integrative analysis of 
large gene lists using DAVID bioinformatics resources." Nat Protoc 4(1): 44-57. 
Hughes, R. and F. Carrick (1978). "Reproduction in female monotremes." Australian 
Zoologist 20: 233-253. 
Hughes, R. L. and L. S. Hall (1998). "Early development and embryology of the 
platypus." Philosophical Transactions of the Royal Society of London. Series B: 
Biological Sciences 353(1372): 1101-1114. 
Hunter, S., P. Jones, et al. (2012). "InterPro in 2011: new developments in the family 
and domain prediction database." Nucleic Acids Research 40(D1): D306-D312. 
Chapter 6  References 
175 
 
Hurley, W. L. and J. J. Rejman (1986). "beta-Lactoglobulin and alpha-lactalbumin in 
mammary secretions during the dry period: parallelism of concentration changes." J 
Dairy Sci 69(6): 1642-1647. 
Irmak, M. K., Y. Oztas, et al. (2012). "Integration of maternal genome into the neonate 
genome through breast milk mRNA transcripts and reverse transcriptase." Theor Biol 
Med Model 9: 20. 
Iverson, S. J., M. Hamosh, et al. (1995). "Lipoprotein lipase activity and its relationship 
to high milk fat transfer during lactation in grey seals." J Comp Physiol B 165(5): 384-
395. 
Iwamori, T., N. Nukumi, et al. (2010). "Bacteriostatic activity of Whey Acidic Protein 
(WAP)." J Vet Med Sci 72(5): 621-625. 
Jenness, R. (1995). Composition of milk. Fundamentals of dairy chemistry, Springer: 1-
38. 
Jenness, R., E. A. Regehr, et al. (1964). "Comparative biochemical studies of milk. II. 
Dialyzable carbohydrates." Comp Biochem Physiol 13: 339-352. 
Jenness, R. and R. Sloan (1970). The composition of milks of various species: a review. 
Dairy Sci. Abstr. 
Jia, H. P., T. Starner, et al. (2001). "Abundant human beta-defensin-1 expression in 
milk and mammary gland epithelium." J Pediatr 138(1): 109-112. 
Jones, E. M., A. Smart, et al. (1994). "Lactoferricin, a new antimicrobial peptide." J 
Appl Bacteriol 77(2): 208-214. 
Jordan, S. M. and E. H. Morgan (1970). "Plasma protein metabolism during lactation in 
the rabbit." Am J Physiol 219(6): 1549-1554. 
Joseph, R. and M. Griffiths (1992). "Whey proteins in early and late milks of 
monotremes (Monotremata: Tachyglossidae, Ornithorhynchidae) and of the tammar 
wallaby (Macropus eugenii, Marsupialia: Macropodidae)." Australian Mammalogy 15: 
125-127. 
Jovine, L., H. Qi, et al. (2007). "Features that affect secretion and assembly of zona 
pellucida glycoproteins during mammalian oogenesis." Soc Reprod Fertil Suppl 63: 
187-201. 
Julenius, K., A. Molgaard, et al. (2005). "Prediction, conservation analysis, and 
structural characterization of mammalian mucin-type O-glycosylation sites." 
Glycobiology 15(2): 153-164. 
Jurd, R. D. (1994). ""Not proper mammals": immunity in monotremes and marsupials." 
Comp Immunol Microbiol Infect Dis 17(1): 41-52. 
Chapter 6  References 
176 
 
Kaimala, S., S. Bisana, et al. (2012). "Mammary gland stem cells: more puzzles than 
explanations." J Biosci 37(2): 349-358. 
Kao, L. C., S. Tulac, et al. (2002). "Global gene profiling in human endometrium during 
the window of implantation." Endocrinology 143(6): 2119-2138. 
Kerr, K. G. and A. M. Snelling (2009). "Pseudomonas aeruginosa: a formidable and 
ever-present adversary." J Hosp Infect 73(4): 338-344. 
Khalil, E., M. R. Digby, et al. (2008). "Changes in milk protein composition during 
acute involution at different phases of tammar wallaby (Macropus eugenii) lactation." 
Comp Biochem Physiol B Biochem Mol Biol 151(1): 64-69. 
Kim, D. and S. L. Salzberg (2011). "TopHat-Fusion: an algorithm for discovery of 
novel fusion transcripts." Genome Biol 12(8): R72. 
Kim, H. H. and R. Jimenez-Flores (1994). "Comparison of milk proteins using 
preparative isoelectric focusing followed by polyacrylamide gel electrophoresis." J 
Dairy Sci 77(8): 2177-2190. 
Kim, S. K., Y. K. Kim, et al. (1990). "Expression of the glucose-regulated proteins 
(GRP94 and GRP78) in differentiated and undifferentiated mouse embryonic cells and 
the use of the GRP78 promoter as an expression system in embryonic cells." 
Differentiation 42(3): 153-159. 
Kivirikko, K. I. and J. Myllyharju (1998). "Prolyl 4-hydroxylases and their protein 
disulfide isomerase subunit." Matrix Biol 16(7): 357-368. 
Kloos, W. and K. Schleifer (1986). "Genus IV–Staphylococcus Rosenbach 1884." 
Bergey’s Manual of Systemic Bacteriology 2. 
Kolb, A. F., R. C. Huber, et al. (2011). "Milk lacking alpha-casein leads to permanent 
reduction in body size in mice." PLoS One 6(7): e21775. 
Kontopidis, G., C. Holt, et al. (2004). "Invited review: beta-lactoglobulin: binding 
properties, structure, and function." J Dairy Sci 87(4): 785-796. 
Korhonen, H. (1977). "Antimicrobial factors in bovine colostrum [dairy cattle, milk and 
cream]." Journal of the Scientific Agricultural Society of Finland 49. 
Kozarsky, K., D. Kingsley, et al. (1988). "Use of a mutant cell line to study the kinetics 
and function of O-linked glycosylation of low density lipoprotein receptors." Proc Natl 
Acad Sci U S A 85(12): 4335-4339. 
Kumar, S., A. R. Clarke, et al. (1994). "Milk composition and lactation of beta-casein-
deficient mice." Proc Natl Acad Sci U S A 91(13): 6138-6142. 
Kunz, C., M. Rodriguez-Palmero, et al. (1999). "Nutritional and biochemical properties 
of human milk, Part I: General aspects, proteins, and carbohydrates." Clin Perinatol 
26(2): 307-333. 
Chapter 6  References 
177 
 
Kuroda, Y., M. Kitada, et al. (2010). "Unique multipotent cells in adult human 
mesenchymal cell populations." Proc Natl Acad Sci U S A 107(19): 8639-8643. 
Kuruppath, S., S. Bisana, et al. (2012). "Monotremes and marsupials: Comparative 
models to better understand the function of milk." Journal of Biosciences: 1-8. 
Kyte, J. and R. F. Doolittle (1982). "A simple method for displaying the hydropathic 
character of a protein." J Mol Biol 157(1): 105-132. 
Lacasse, P., K. Lauzon, et al. (2008). "Utilization of lactoferrin to fight antibiotic-
resistant mammary gland pathogens." J Anim Sci 86(13 Suppl): 66-71. 
Laemmli, U. K. (1970). "Cleavage of structural proteins during the assembly of the 
head of bacteriophage T4." Nature 227(5259): 680-685. 
Lahov, E. and W. Regelson (1996). "Antibacterial and immunostimulating casein-
derived substances from milk: casecidin, isracidin peptides." Food Chem Toxicol 34(1): 
131-145. 
Lai, Y. and R. L. Gallo (2009). "AMPed up immunity: how antimicrobial peptides have 
multiple roles in immune defense." Trends Immunol 30(3): 131-141. 
Langmead, B. and S. L. Salzberg (2012). "Fast gapped-read alignment with Bowtie 2." 
Nat Methods 9(4): 357-359. 
Lee, B., G. H. Bowden, et al. (2002). "Identification of mouse submaxillary gland 
protein in mouse saliva and its binding to mouse oral bacteria." Arch Oral Biol 47(4): 
327-332. 
Lefevre, C. M., M. R. Digby, et al. (2007). "Lactation transcriptomics in the Australian 
marsupial, Macropus eugenii: transcript sequencing and quantification." BMC 
Genomics 8: 417. 
Lefevre, C. M., J. A. Sharp, et al. (2009). "Characterisation of monotreme caseins 
reveals lineage-specific expansion of an ancestral casein locus in mammals." Reprod 
Fertil Dev 21(8): 1015-1027. 
Lefevre, C. M., J. A. Sharp, et al. (2010). "Evolution of lactation: ancient origin and 
extreme adaptations of the lactation system." Annu Rev Genomics Hum Genet 11: 219-
238. 
Lehrer, R. I. and T. Ganz (2002). "Cathelicidins: a family of endogenous antimicrobial 
peptides." Curr Opin Hematol 9(1): 18-22. 
Lehrer, R. I. and T. Ganz (2002). "Defensins of vertebrate animals." Curr Opin 
Immunol 14(1): 96-102. 
Lemay, D. G., O. A. Ballard, et al. (2013). "RNA sequencing of the human milk fat 
layer transcriptome reveals distinct gene expression profiles at three stages of lactation." 
PLoS One 8(7): e67531. 
Chapter 6  References 
178 
 
Lemay, D. G., R. C. Hovey, et al. (2013). "Sequencing the transcriptome of milk 
production: milk trumps mammary tissue." BMC Genomics 14: 872. 
Lemay, D. G., D. J. Lynn, et al. (2009). "The bovine lactation genome: insights into the 
evolution of mammalian milk." Genome Biol 10(4): R43. 
Lemay, D. G., K. S. Pollard, et al. (2013). "From genes to milk: genomic organization 
and epigenetic regulation of the mammary transcriptome." PLoS One 8(9): e75030. 
Li, M., J. Hu, et al. (1996). "Apoptosis and remodeling of mammary gland tissue during 
involution proceeds through p53-independent pathways." Cell Growth Differ 7(1): 13-
20. 
Li, S. J., M. Peng, et al. (2009). "Sys-BodyFluid: a systematical database for human 
body fluid proteome research." Nucleic Acids Res 37(Database issue): D907-912. 
Lindmark-Månsson, H., C. Bränning, et al. (2006). "Relationship between somatic cell 
count, individual leukocyte populations and milk components in bovine udder quarter 
milk." International Dairy Journal 16(7): 717-727. 
Lindquist, S., L. Hansson, et al. (1994). "Isolation of mRNA and genomic DNA from 
epithelial cells in human milk and amplification by PCR." Biotechniques 17(4): 692-
696. 
Linnaeus, C. (1758). "Tomus I. Systema naturae per regna tria naturae, secundum 
classes, ordines, genera, species, cum characteribus, differentiis, synonymis, locis. ." 
Editio decima, reformata. Holmiae. (Laurentii Salvii) 1–4: 1–824. 
Linzell, J. L. and M. Peaker (1971). "Mechanism of milk secretion." Physiol Rev 51(3): 
564-597. 
Little, R. B. and M. L. Orcutt (1922). "The transmission of agglutinins of Bacillus 
abortus from cow to calf in the colostrum." The Journal of experimental medicine 35(2): 
161-171. 
Littlefield, K. and M. Monroe (2008). "Venn Diagram Plotter." Pacific Northwest 
National Laboratory, Richland, WA. 
Lund, L. R., J. Romer, et al. (1996). "Two distinct phases of apoptosis in mammary 
gland involution: proteinase-independent and -dependent pathways." Development 
122(1): 181-193. 
Luo, S., C. Mao, et al. (2006). "GRP78/BiP is required for cell proliferation and 
protecting the inner cell mass from apoptosis during early mouse embryonic 
development." Mol Cell Biol 26(15): 5688-5697. 
Maier, V. H., K. V. Dorn, et al. (2008). "Characterisation of cathelicidin gene family 
members in divergent fish species." Mol Immunol 45(14): 3723-3730. 
Chapter 6  References 
179 
 
Maningat, P. D., P. Sen, et al. (2009). "Gene expression in the human mammary 
epithelium during lactation: the milk fat globule transcriptome." Physiol Genomics 
37(1): 12-22. 
Mann, K. and M. Mann (2011). "In-depth analysis of the chicken egg white proteome 
using an LTQ Orbitrap Velos." Proteome Sci 9(1): 7. 
Manzoni, P., I. Stolfi, et al. (2012). "Bovine lactoferrin prevents invasive fungal 
infections in very low birth weight infants: a randomized controlled trial." Pediatrics 
129(1): 116-123. 
Marioni, J. C., C. E. Mason, et al. (2008). "RNA-seq: an assessment of technical 
reproducibility and comparison with gene expression arrays." Genome Res 18(9): 1509-
1517. 
Masschalck, B. and C. W. Michiels (2003). "Antimicrobial properties of lysozyme in 
relation to foodborne vegetative bacteria." Crit Rev Microbiol 29(3): 191-214. 
Masuko, T., A. Minami, et al. (2005). "Carbohydrate analysis by a phenol-sulfuric acid 
method in microplate format." Anal Biochem 339(1): 69-72. 
Mather, I. H. and T. W. Keenan (1998). "Origin and secretion of milk lipids." J 
Mammary Gland Biol Neoplasia 3(3): 259-273. 
McOrist, S. and L. Smales (1986). "Morbidity and mortality of free-living and captive 
echidnas, Tachyglossus aculeatus (Shaw), in Australia." J Wildl Dis 22(3): 375-380. 
Medrano, J., G. Rincon, et al. (2010). Comparative analysis of bovine milk and 
mammary gland transcriptome using RNA-Seq. 9th World Congress on Genetics 
applied to Livestock Production; Leipzig, Germany. 
Mepham, T. (1983). Biochemistry of lactation, Elsevier Amsterdam; New York. 
Mercier, J. C. and J. L. Vilotte (1993). "Structure and function of milk protein genes." J 
Dairy Sci 76(10): 3079-3098. 
Messer, M. (1974). "Identification of N-acetyl-4-O-acetylneuraminyl-lactose in Echidna 
milk." Biochem J 139(2): 415-420. 
Messer, M. and C. Elliott (1987). "Changes in alpha-lactalbumin, total lactose, UDP-
galactose hydrolase and other factors in tammar wallaby (Macropus eugenii) milk 
during lactation." Aust J Biol Sci 40(1): 37-46. 
Messer, M., P. Gadiel, et al. (1983). "Carbohydrates of the milk of the platypus." 
Australian journal of biological sciences 36(2): 129-138. 
Messer, M., M. Griffiths, et al. (1997). "Lactose synthesis in a monotreme, the echidna 
(Tachyglossus aculeatus): isolation and amino acid sequence of echidna alpha-
lactalbumin." Comp Biochem Physiol B Biochem Mol Biol 118(2): 403-410. 
Chapter 6  References 
180 
 
Messer, M. and K. R. Kerry (1973). "Milk carbohydrates of the echidna and the 
platypus." Science 180(4082): 201-203. 
Mestecky, J., M. E. Lamm, et al. (2005). Mucosal immunology, Academic Press. 
Mirels, L., A. R. Hand, et al. (1998). "Expression of gross cystic disease fluid protein-
15/Prolactin-inducible protein in rat salivary glands." J Histochem Cytochem 46(9): 
1061-1071. 
Mohammad, M. A. and M. W. Haymond (2013). "Regulation of lipid synthesis genes 
and milk fat production in human mammary epithelial cells during secretory activation." 
Am J Physiol Endocrinol Metab 305(6): E700-716. 
Monaghan, A. P., P. Kioschis, et al. (1999). "Dickkopf genes are co-ordinately 
expressed in mesodermal lineages." Mech Dev 87(1-2): 45-56. 
Montagna, W. (1974). The Structure and Function of Skin 3E, Elsevier. 
Morrow, G., N. A. Andersen, et al. (2009). "Reproductive strategies of the short-beaked 
echidna–a review with new data from a long-term study on the Tasmanian subspecies 
(Tachyglossus aculeatus setosus)." Australian Journal of Zoology 57(4): 275-282. 
Morrow, G. E. and S. C. Nicol (2013). "Maternal care in the Tasmanian echidna 
(Tachyglossus aculeatus setosus)." Australian Journal of Zoology. 
Munday, B. L., R. J. Whittington, et al. (1998). "Disease conditions and subclinical 
infections of the platypus (Ornithorhynchus anatinus)." Philos Trans R Soc Lond B Biol 
Sci 353(1372): 1093-1099. 
Murakami, M., R. A. Dorschner, et al. (2005). "Expression and secretion of cathelicidin 
antimicrobial peptides in murine mammary glands and human milk." Pediatr Res 57(1): 
10-15. 
Muranishi, Y. and T. Furukawa (2012). "BAC-Dkk3-EGFP transgenic mouse: an in 
vivo analytical tool for Dkk3 expression." J Biomed Biotechnol 2012: 973140. 
Murrieta, C. M., B. W. Hess, et al. (2006). "Evaluation of milk somatic cells as a source 
of mRNA for study of lipogenesis in the mammary gland of lactating beef cows 
supplemented with dietary high-linoleate safflower seeds." J Anim Sci 84(9): 2399-
2405. 
Mushahary, D., P. Gautam, et al. (2013). "Expanded protein expression profile of 
human placenta using two-dimensional gel electrophoresis." Placenta 34(2): 193-196. 
Naccarato, A. G., P. Viacava, et al. (2000). "Bio-morphological events in the 
development of the human female mammary gland from fetal age to puberty." 
Virchows Arch 436(5): 431-438. 
Chapter 6  References 
181 
 
Nagase, H. and E. D. Harris, Jr. (1983). "Ovostatin: a novel proteinase inhibitor from 
chicken egg white. II. Mechanism of inhibition studied with collagenase and 
thermolysin." J Biol Chem 258(12): 7490-7498. 
Nakamura, M., A. Tomita, et al. (2006). "Antioxidant and antibacterial genes are 
upregulated in early involution of the mouse mammary gland: sharp increase of 
ceruloplasmin and lactoferrin in accumulating breast milk." DNA Cell Biol 25(9): 491-
500. 
Naurin, S., S. Bensch, et al. (2008). "TECHNICAL ADVANCES: A microarray for 
large-scale genomic and transcriptional analyses of the zebra finch (Taeniopygia 
guttata) and other passerines." Mol Ecol Resour 8(2): 275-281. 
Nel-Themaat, L., M. C. Gomez, et al. (2007). "Isolation, culture and characterisation of 
somatic cells derived from semen and milk of endangered sheep and eland antelope." 
Reprod Fertil Dev 19(4): 576-584. 
Neville, M. C., T. B. McFadden, et al. (2002). "Hormonal regulation of mammary 
differentiation and milk secretion." J Mammary Gland Biol Neoplasia 7(1): 49-66. 
Neville, M. C., J. Morton, et al. (2001). "Lactogenesis. The transition from pregnancy to 
lactation." Pediatr Clin North Am 48(1): 35-52. 
Neville, M. C. and M. F. Picciano (1997). "Regulation of milk lipid secretion and 
composition." Annual review of nutrition 17(1): 159-184. 
Newburg, D. S., L. K. Pickering, et al. (1990). "Fucosylated oligosaccharides of human 
milk protect suckling mice from heat-stabile enterotoxin of Escherichia coli." J Infect 
Dis 162(5): 1075-1080. 
Nguyen, D. A., A. F. Parlow, et al. (2001). "Hormonal regulation of tight junction 
closure in the mouse mammary epithelium during the transition from pregnancy to 
lactation." J Endocrinol 170(2): 347-356. 
Nicholas, K., K. Simpson, et al. (1997). "The tammar wallaby: a model to study 
putative autocrine-induced changes in milk composition." J Mammary Gland Biol 
Neoplasia 2(3): 299-310. 
Nicholas, K. R. (1988). "Asynchronous dual lactation in a marsupial, the tammar 
wallaby (Macropus eugenii)." Biochem Biophys Res Commun 154(2): 529-536. 
Nicholas, K. R., J. A. Fisher, et al. (2001). "Secretion of whey acidic protein and 
cystatin is down regulated at mid-lactation in the red kangaroo (Macropus rufus)." 
Comp Biochem Physiol A Mol Integr Physiol 129(4): 851-858. 
Nicol, S. (2003). "Monotreme biology." Comp Biochem Physiol A Mol Integr Physiol 
136(4): 795-798. 
Nicol, S. and N. A. Andersen (2006). "Body temperature as an indicator of egg-laying 
in the echidna, Tachyglossus aculeatus." Journal of Thermal Biology 31(6): 483-490. 
Chapter 6  References 
182 
 
Nookaew, I., M. Papini, et al. (2012). "A comprehensive comparison of RNA-Seq-
based transcriptome analysis from reads to differential gene expression and cross-
comparison with microarrays: a case study in Saccharomyces cerevisiae." Nucleic 
Acids Res 40(20): 10084-10097. 
Nuijens, J. H., P. H. van Berkel, et al. (1996). "Structure and biological actions of 
lactoferrin." J Mammary Gland Biol Neoplasia 1(3): 285-295. 
Oakes, S. R., H. N. Hilton, et al. (2006). "The alveolar switch: coordinating the 
proliferative cues and cell fate decisions that drive the formation of lobuloalveoli from 
ductal epithelium." Breast Cancer Res 8(2): 207. 
Oeding, P. (1952). "Examinations on penicillin resistant, serologically homogeneous 
staphylococci isolated from human mastitis." Acta Pathol Microbiol Scand 31(2): 145-
163. 
Oftedal, O. (2013). Origin and evolution of the major constituents of milk. Advanced 
dairy chemistry, Springer: 1-42. 
Oftedal, O. T. (1984). Milk composition, milk yield and energy output at peak lactation: 
a comparative review. Symp. Zool. Soc. Lond. 
Oftedal, O. T. (1993). "The adaptation of milk secretion to the constraints of fasting in 
bears, seals, and baleen whales." J Dairy Sci 76(10): 3234-3246. 
Oftedal, O. T. (2002). "The mammary gland and its origin during synapsid evolution." J 
Mammary Gland Biol Neoplasia 7(3): 225-252. 
Oftedal, O. T. (2002). "The origin of lactation as a water source for parchment-shelled 
eggs." J Mammary Gland Biol Neoplasia 7(3): 253-266. 
Oftedal, O. T. (2012). "The evolution of milk secretion and its ancient origins." Animal 
6(3): 355-368. 
Oftedal, O. T. and D. Dhouailly (2013). "Evo-devo of the mammary gland." J 
Mammary Gland Biol Neoplasia 18(2): 105-120. 
Oftedal, O. T. and S. J. Iverson (1995). "Comparative analysis of nonhuman milks. A. 
Phylogenetic variation in the gross composition of milks." Handbook of milk 
composition: 749-788. 
Oftedal, O. T. and R. Jenness (1988). "Interspecies variation in milk composition 
among horses, zebras and asses (Perissodactyla: Equidae)." Journal of Dairy Research 
55(01): 57-66. 
Old, J. M. and E. M. Deane (1998). "The effect of oestrus and the presence of pouch 
young on aerobic bacteria isolated from the pouch of the tammar wallaby, Macropus 
eugenii." Comp Immunol Microbiol Infect Dis 21(4): 237-245. 
Chapter 6  References 
183 
 
Ollier, S., C. Robert-Granie, et al. (2007). "Mammary transcriptome analysis of food-
deprived lactating goats highlights genes involved in milk secretion and programmed 
cell death." J Nutr 137(3): 560-567. 
Orcutt, M. L. and P. E. Howe (1922). "The relation between the accumulation of 
globulins and the appearance of agglutinins in the blood of new-born calves." The 
Journal of experimental medicine 36(3): 291-308. 
Ordonez, G. R., L. W. Hillier, et al. (2008). "Loss of genes implicated in gastric 
function during platypus evolution." Genome Biol 9(5): R81. 
Osborne, R., M. Howell, et al. (1995). "Hormone-dependent expression of the ovine 
beta-lactoglobulin gene." J Dairy Res 62(2): 321-329. 
Otto, M. (2009). "Staphylococcus epidermidis--the 'accidental' pathogen." Nat Rev 
Microbiol 7(8): 555-567. 
Paape, M. J. and H. A. Tucker (1966). "Somatic cell content variation in fraction-
collected milk." J Dairy Sci 49(3): 265-267. 
Palmquist, D. L., A. D. Beaulieu, et al. (1993). "Feed and animal factors influencing 
milk fat composition." J Dairy Sci 76(6): 1753-1771. 
Pang, W. W. and P. E. Hartmann (2007). "Initiation of human lactation: secretory 
differentiation and secretory activation." J Mammary Gland Biol Neoplasia 12(4): 211-
221. 
Parodi, P. W. (1982). "Positional distribution of fatty acids in triglycerides from milk of 
several species of mammals." Lipids 17(6): 437-442. 
Parodi, P. W. and M. Griffiths (1983). "A comparison of the positional distribution of 
fatty acids in milk triglycerides of the extant monotremes platypus (Ornithorhynchus 
anatinus) and echidna (Tachyglossus aculeatus)." Lipids 18(11): 845-847. 
Patil, A., A. L. Hughes, et al. (2004). "Rapid evolution and diversification of 
mammalian alpha-defensins as revealed by comparative analysis of rodent and primate 
genes." Physiol Genomics 20(1): 1-11. 
Patil, A. A., Y. Cai, et al. (2005). "Cross-species analysis of the mammalian beta-
defensin gene family: presence of syntenic gene clusters and preferential expression in 
the male reproductive tract." Physiol Genomics 23(1): 5-17. 
Patton, S. and G. E. Huston (1988). "Incidence and characteristics of cell pieces on 
human milk fat globules." Biochim Biophys Acta 965(2-3): 146-153. 
Payne, K., P. Davidson, et al. (1990). "Influence of bovine lactoferrin on the growth of 
Listeria monocytogenes." Journal of food protection 53(6): 468-472. 
Payne, P. and E. F. Wheeler (1968). "Comparative nutrition in pregnancy and 
lactation." Proceedings of the Nutrition Society 27(02): 129-138. 
Chapter 6  References 
184 
 
Peaker, M. (2002). "The mammary gland in mammalian evolution: a brief commentary 
on some of the concepts." J Mammary Gland Biol Neoplasia 7(3): 347-353. 
Pellegrini, A., U. Thomas, et al. (1999). "Isolation and identification of three 
bactericidal domains in the bovine alpha-lactalbumin molecule." Biochim Biophys Acta 
1426(3): 439-448. 
Peterson, N. A., B. F. Anderson, et al. (2000). "Crystal structure and iron-binding 
properties of the R210K mutant of the N-lobe of human lactoferrin: implications for 
iron release from transferrins." Biochemistry 39(22): 6625-6633. 
Piotte, C. P. and M. R. Grigor (1996). "A novel marsupial protein expressed by the 
mammary gland only during the early lactation and related to the Kunitz proteinase 
inhibitors." Arch Biochem Biophys 330(1): 59-64. 
Piotte, C. P., A. K. Hunter, et al. (1998). "Phylogenetic analysis of three lipocalin-like 
proteins present in the milk of Trichosurus vulpecula (Phalangeridae, Marsupialia)." J 
Mol Evol 46(3): 361-369. 
Piotte, C. P., C. J. Marshall, et al. (1997). "Lysozyme and alpha-lactalbumin from the 
milk of a marsupial, the common brush-tailed possum (Trichosurus vulpecula)." 
Biochim Biophys Acta 1336(2): 235-242. 
Pittius, C. W., L. Sankaran, et al. (1988). "Comparison of the regulation of the whey 
acidic protein gene with that of a hybrid gene containing the whey acidic protein gene 
promoter in transgenic mice." Mol Endocrinol 2(11): 1027-1032. 
Plata, K., A. E. Rosato, et al. (2009). "Staphylococcus aureus as an infectious agent: 
overview of biochemistry and molecular genetics of its pathogenicity." Acta Biochim 
Pol 56(4): 597-612. 
Pond, C. M. (1977). "The significance of lactation in the evolution of mammals." 
Evolution: 177-199. 
Przybylska, J., E. Albera, et al. (2007). "Antioxidants in bovine colostrum." Reprod 
Domest Anim 42(4): 402-409. 
Puissant, C., M. Bayat-Sarmadi, et al. (1994). "Variation of transferrin mRNA 
concentration in the rabbit mammary gland during the pregnancy-lactation-weaning 
cycle and in cultured mammary cells. A comparison with the other major milk protein 
mRNAs." Eur J Endocrinol 130(5): 522-529. 
Qasba, P. K. and S. Kumar (1997). "Molecular divergence of lysozymes and alpha-
lactalbumin." Crit Rev Biochem Mol Biol 32(4): 255-306. 
Ratajczak, M. Z., R. Liu, et al. (2011). "The role of pluripotent embryonic-like stem 
cells residing in adult tissues in regeneration and longevity." Differentiation 81(3): 153-
161. 
Chapter 6  References 
185 
 
Rehman, A. A., H. Ahsan, et al. (2013). "alpha-2-Macroglobulin: a physiological 
guardian." J Cell Physiol 228(8): 1665-1675. 
Richardson, K. C. (2009). "Contractile tissues in the mammary gland, with special 
reference to myoepithelium in the goat. 1949." J Mammary Gland Biol Neoplasia 14(3): 
223-242. 
Richert, M. M., K. L. Schwertfeger, et al. (2000). "An atlas of mouse mammary gland 
development." J Mammary Gland Biol Neoplasia 5(2): 227-241. 
Riggio, M., R. Scudiero, et al. (2000). "Sex- and tissue-specific expression of aspartic 
proteinases in Danio rerio (zebrafish)." Gene 260(1-2): 67-75. 
Rijnkels, M. (2002). "Multispecies comparison of the casein gene loci and evolution of 
casein gene family." J Mammary Gland Biol Neoplasia 7(3): 327-345. 
Rijnkels, M., L. Elnitski, et al. (2003). "Multispecies comparative analysis of a 
mammalian-specific genomic domain encoding secretory proteins." Genomics 82(4): 
417-432. 
Rismiller, P. D. and M. W. McKelvey (2000). "Frequency of breeding and recruitment 
in the short-beaked echidna, Tachyglossus aculeatus." Journal of Mammalogy 81(1): 1-
17. 
Rismiller, P. D. and M. W. McKelvey (2009). "Activity and behaviour of lactating 
echidnas (Tachyglossus aculeatus multiaculeatus) from hatching of egg to weaning of 
young." Australian Journal of Zoology 57(4): 265-273. 
Rismiller, P. D. and R. S. Seymour (1991). "The echidna." Scientific American 264: 96-
103. 
Robinson, G. W., A. B. Karpf, et al. (1999). "Regulation of mammary gland 
development by tissue interaction." J Mammary Gland Biol Neoplasia 4(1): 9-19. 
Robinson, G. W., R. A. McKnight, et al. (1995). "Mammary epithelial cells undergo 
secretory differentiation in cycling virgins but require pregnancy for the establishment 
of terminal differentiation." Development 121(7): 2079-2090. 
Romano, M., P. Rosanova, et al. (2004). "Vertebrate yolk proteins: a review." Mol 
Reprod Dev 69(1): 109-116. 
Roosen, S., K. Exner, et al. (2004). "Bovine beta-defensins: identification and 
characterization of novel bovine beta-defensin genes and their expression in mammary 
gland tissue." Mamm Genome 15(10): 834-842. 
Rowe, T., T. H. Rich, et al. (2008). "The oldest platypus and its bearing on divergence 
timing of the platypus and echidna clades." Proc Natl Acad Sci U S A 105(4): 1238-
1242. 
Chapter 6  References 
186 
 
Russo, J. and I. H. Russo (2004). "Development of the human breast." Maturitas 49(1): 
2-15. 
Saito, H., H. Miyakawa, et al. (1991). "Potent bactericidal activity of bovine lactoferrin 
hydrolysate produced by heat treatment at acidic pH." J Dairy Sci 74(11): 3724-3730. 
Sambrook, J. and D. W. Russell (2001). Molecular cloning: a laboratory manual, CSHL 
press. 
Schanbacher, F. L., R. E. Goodman, et al. (1993). "Bovine mammary lactoferrin: 
implications from messenger ribonucleic acid (mRNA) sequence and regulation 
contrary to other milk proteins." J Dairy Sci 76(12): 3812-3831. 
Schneider, C. A., W. S. Rasband, et al. (2012). "NIH Image to ImageJ: 25 years of 
image analysis." Nat Meth 9(7): 671-675. 
Schneider, V. A. and M. Granato (2007). "Genomic structure and embryonic expression 
of zebrafish lysyl hydroxylase 1 and lysyl hydroxylase 2." Matrix Biol 26(1): 12-19. 
Schnorr, K. L. and L. D. Pearson (1984). "Intestinal absorption of maternal leucocytes 
by newborn lambs." J Reprod Immunol 6(5): 329-337. 
Schorderet, D. F., M. Menasche, et al. (2000). "Genomic characterization and 
embryonic expression of the mouse Bigh3 (Tgfbi) gene." Biochem Biophys Res 
Commun 274(2): 267-274. 
Sekhri, K. K., D. R. Pitelka, et al. (1967). "Studies of mouse mammary glands. I. 
Cytomorphology of the normal mammary gland." J Natl Cancer Inst 39(3): 459-490. 
Semon, R. (1894). Beobachtungen über die Lebensweise und Fortpflanzung der 
Monotremen nebst Notizen über ihre Körpertemperatur. 
Severin, S. and X. Wenshui (2005). "Milk biologically active components as 
nutraceuticals: review." Crit Rev Food Sci Nutr 45(7-8): 645-656. 
Sevier, C. S. (2012). "Erv2 and quiescin sulfhydryl oxidases: Erv-domain enzymes 
associated with the secretory pathway." Antioxid Redox Signal 16(8): 800-808. 
Shad, D. M. B. (1963). "The composition of the milk of wild animals." International 
Zoo Yearbook 4(1): 333-333. 
Shamay, A., V. G. Pursel, et al. (1992). "Induction of lactogenesis in transgenic virgin 
pigs: evidence for gene and integration site-specific hormonal regulation." Mol 
Endocrinol 6(2): 191-197. 
Shamay, A., V. G. Pursel, et al. (1992). "Expression of the whey acidic protein in 
transgenic pigs impairs mammary development." Transgenic Res 1(3): 124-132. 
Sharman, G. B. (1962). "The initiation and maintenance of lactation in the marsupial, 
Trichosurus vulpecula." J Endocrinol 25: 375-386. 
Chapter 6  References 
187 
 
Sharp, J., M. Digby, et al. (2009). "The comparative genomics of tammar wallaby and 
fur seal lactation; models to examine function of milk proteins." Milk Proteins: From 
Expression to Food. Academic Press, New York. 
Sharp, J. A., K. Cane, et al. (2005). "The lactation cycle of the fur seal." J Dairy Res 72 
Spec No: 81-89. 
Sharp, J. A., C. Lefevre, et al. (2007). "Molecular evolution of monotreme and 
marsupial whey acidic protein genes." Evol Dev 9(4): 378-392. 
Sharp, J. A., C. Lefevre, et al. (2008). "Lack of functional alpha-lactalbumin prevents 
involution in Cape fur seals and identifies the protein as an apoptotic milk factor in 
mammary gland involution." BMC Biol 6: 48. 
Shaw, D. C., M. Messer, et al. (1993). "Isolation, partial characterisation, and amino 
acid sequence of alpha-lactalbumin from platypus (Ornithorhynchus anatinus) milk." 
Biochim Biophys Acta 1161(2-3): 177-186. 
Shekar, P. C., S. Goel, et al. (2006). "kappa-casein-deficient mice fail to lactate." Proc 
Natl Acad Sci U S A 103(21): 8000-8005. 
Shevchenko, A., H. Tomas, et al. (2006). "In-gel digestion for mass spectrometric 
characterization of proteins and proteomes." Nat Protoc 1(6): 2856-2860. 
Shoulders, C. C., D. J. Brett, et al. (1993). "Abetalipoproteinemia is caused by defects 
of the gene encoding the 97 kDa subunit of a microsomal triglyceride transfer protein." 
Hum Mol Genet 2(12): 2109-2116. 
Shu, D. P., B. L. Chen, et al. (2012). "Global transcriptional profiling in porcine 
mammary glands from late pregnancy to peak lactation." OMICS 16(3): 123-137. 
Simpson, K., D. Shaw, et al. (1998). "Developmentally-regulated expression of a 
putative protease inhibitor gene in the lactating mammary gland of the tammar wallaby, 
Macropus eugenii." Comp Biochem Physiol B Biochem Mol Biol 120(3): 535-541. 
Simpson, K. J., P. Bird, et al. (1998). "Molecular characterisation and hormone-
dependent expression of the porcine whey acidic protein gene." J Mol Endocrinol 20(1): 
27-35. 
Simpson, K. J. and K. R. Nicholas (2002). "The comparative biology of whey proteins." 
J Mammary Gland Biol Neoplasia 7(3): 313-326. 
Simpson, K. J., S. Ranganathan, et al. (2000). "The gene for a novel member of the 
whey acidic protein family encodes three four-disulfide core domains and is 
asynchronously expressed during lactation." J Biol Chem 275(30): 23074-23081. 
Smit, E. N., I. A. Martini, et al. (2002). "Estimated biological variation of the mature 
human milk fatty acid composition." Prostaglandins Leukot Essent Fatty Acids 66(5-6): 
549-555. 
Chapter 6  References 
188 
 
Smith, T. and R. B. Little (1922). "The significance of colostrum to the new-born calf." 
The Journal of experimental medicine 36(2): 181-198. 
Smyth, E., R. A. Clegg, et al. (2004). "A biological perspective on the structure and 
function of caseins and casein micelles." International journal of dairy technology 
57(2Ǧ3): 121-126. 
Soiland, H., K. Soreide, et al. (2007). "Emerging concepts of apolipoprotein D with 
possible implications for breast cancer." Cell Oncol 29(3): 195-209. 
Soruri, A., J. Grigat, et al. (2007). "beta-Defensins chemoattract macrophages and mast 
cells but not lymphocytes and dendritic cells: CCR6 is not involved." Eur J Immunol 
37(9): 2474-2486. 
Sprenger, J., J. Lynn Fink, et al. (2008). "LOCATE: a mammalian protein subcellular 
localization database." Nucleic Acids Res 36(Database issue): D230-233. 
Stewart, F. (1984). "Mammogenesis and changing prolactin receptor concentrations in 
the mammary glands of the tammar wallaby (Macropus eugenii)." J Reprod Fertil 71(1): 
141-148. 
Teahan, C. G. and H. A. McKenzie (1990). "Iron(III) binding proteins of echidna 
(Tachyglossus aculeatus) and platypus (Ornithorhynchus anatinus)." Biochem Int 22(2): 
321-328. 
Teahan, C. G., H. A. McKenzie, et al. (1991). "Some monotreme milk "whey" and 
blood proteins." Comp Biochem Physiol B 99(1): 99-118. 
Teahan, C. G., H. A. McKenzie, et al. (1991). "Some monotreme milk “whey” and 
blood proteins." Comparative Biochemistry and Physiology Part B: Comparative 
Biochemistry 99(1): 99-118. 
Teahan, C. G., H. A. McKenzie, et al. (1991). "The isolation and amino acid sequences 
of echidna (Tachyglossus aculeatus) milk lysozyme I and II." Biochem Int 24(1): 85-95. 
Temple-Smith, P. and T. Grant (2001). "Uncertain breeding: a short history of 
reproduction in monotremes." Reproduction, Fertility and Development 13(8): 487-497. 
Teng, C. T., B. T. Pentecost, et al. (1989). "Lactotransferrin gene expression in the 
mouse uterus and mammary gland." Endocrinology 124(2): 992-999. 
Thompson, J. D., T. J. Gibson, et al. (2002). "Multiple sequence alignment using 
ClustalW and ClustalX." Curr Protoc Bioinformatics Chapter 2: Unit 2 3. 
Tombran-Tink, J., G. G. Chader, et al. (1991). "PEDF: a pigment epithelium-derived 
factor with potent neuronal differentiative activity." Exp Eye Res 53(3): 411-414. 
Touch, V., S. Hayakawa, et al. (2004). "Effects of a lactoperoxidase-thiocyanate-
hydrogen peroxide system on Salmonella enteritidis in animal or vegetable foods." Int J 
Food Microbiol 93(2): 175-183. 
Chapter 6  References 
189 
 
Tramontana, S., W. Hurley, et al. (2008). "MammOmics™ in Sus scrofa: uncovering 
genomic adaptations underlying mammary development during pregnancy and 
lactation." J. Dairy Sci 91: 683. 
Trapnell, C., B. A. Williams, et al. (2010). "Transcript assembly and quantification by 
RNA-Seq reveals unannotated transcripts and isoform switching during cell 
differentiation." Nat Biotechnol 28(5): 511-515. 
Trillmich, F. and E. Lechner (1986). "Milk of the Galapagos fur seal and sea lion, with 
a comparison of the milk of eared seals (Otariidae)." Journal of Zoology 209(2): 271-
277. 
Triplett, A. A., K. Sakamoto, et al. (2005). "Expression of the whey acidic protein 
(Wap) is necessary for adequate nourishment of the offspring but not functional 
differentiation of mammary epithelial cells." Genesis 43(1): 1-11. 
Trott, J. F., K. J. Simpson, et al. (2003). "Maternal regulation of milk composition, milk 
production, and pouch young development during lactation in the tammar wallaby 
(Macropus eugenii )." Biol Reprod 68(3): 929-936. 
Trott, J. F., M. J. Wilson, et al. (2002). "Expression of novel lipocalin-like milk protein 
gene is developmentally-regulated during lactation in the tammar wallaby, Macropus 
eugenii." Gene 283(1-2): 287-297. 
Tsangaris, G. T., A. K. Anagnostopoulos, et al. (2011). "Application of proteomics for 
the identification of biomarkers in amniotic fluid: are we ready to provide a reliable 
prediction?" EPMA J 2(2): 149-155. 
Tsuji, S., Y. Hirata, et al. (1990). "Comparison of lactoferrin content in colostrum 
between different cattle breeds." J Dairy Sci 73(1): 125-128. 
Tyndale-Biscoe, C. H. and P. A. Janssens (1988). The developing marsupial. Models 
for biomedical research, Springer-Verlag. 
Tyndale-Biscoe, H., M. B. Renfree, et al. (1987). Reproductive physiology of 
marsupials, Cambridge University Press. 
Urashima, T., T. Saito, et al. (2001). "Oligosaccharides of milk and colostrum in non-
human mammals." Glycoconj J 18(5): 357-371. 
Van de Perre, P. (2003). "Transfer of antibody via mother’s milk." Vaccine 21(24): 
3374-3376. 
van Rheede, T., T. Bastiaans, et al. (2006). "The platypus is in its place: nuclear genes 
and indels confirm the sister group relation of monotremes and Therians." Mol Biol 
Evol 23(3): 587-597. 
Veltmaat, J. M., A. A. Mailleux, et al. (2003). "Mouse embryonic mammogenesis as a 
model for the molecular regulation of pattern formation." Differentiation 71(1): 1-17. 
Chapter 6  References 
190 
 
Viacava, P., A. G. Naccarato, et al. (1998). "Spectrum of GCDFP-15 expression in 
human fetal and adult normal tissues." Virchows Arch 432(3): 255-260. 
Vleck, C. and D. Hoyt (1991). "Metabolism and energetics of reptilian and avian 
embryos." egg incubation: its effects on embryonic development in birds and reptiles. 
Cambridge University Press, Cambridge: 285-306. 
Wang, J., E. S. Wong, et al. (2011). "Ancient antimicrobial peptides kill antibiotic-
resistant pathogens: Australian mammals provide new options." PLoS One 6(8): 
e24030. 
Wang, Z. and G. Wang (2004). "APD: the Antimicrobial Peptide Database." Nucleic 
Acids Res 32(Database issue): D590-592. 
Wanyonyi, S. S., J. A. Sharp, et al. (2011). "Tammar wallaby mammary cathelicidins 
are differentially expressed during lactation and exhibit antimicrobial and cell 
proliferative activity." Comp Biochem Physiol A Mol Integr Physiol 160(3): 431-439. 
Warner, E., A. Kanekanian, et al. (2001). "Bioactivity of milk proteins: 1. 
Anticariogenicity of whey proteins." International journal of dairy technology 54(4): 
151-153. 
Warren, W. C., L. W. Hillier, et al. (2008). "Genome analysis of the platypus reveals 
unique signatures of evolution." Nature 453(7192): 175-183. 
Watson, C. J. (2006). "Involution: apoptosis and tissue remodelling that convert the 
mammary gland from milk factory to a quiescent organ." Breast Cancer Res 8(2): 203. 
Watt, A. P., J. A. Sharp, et al. (2012). "WFDC2 is differentially expressed in the 
mammary gland of the tammar wallaby and provides immune protection to the 
mammary gland and the developing pouch young." Dev Comp Immunol 36(3): 584-
590. 
Webb, B., A. Johnson, et al. (1974). "Fundamentals of dairy chemistry AVI Publ. Co." 
Inc., Westport, CT. 
Weiler, I. J., W. Hickler, et al. (1983). "Demonstration that milk cells invade the 
suckling neonatal mouse." Am J Reprod Immunol 4(2): 95-98. 
Werneburg, I. and M. R. SánchezǦVillagra (2011). "The early development of the 
echidna, Tachyglossus aculeatus (Mammalia: Monotremata), and patterns of 
mammalian development." Acta Zoologica 92(1): 75-88. 
Whittington, C. M., A. T. Papenfuss, et al. (2008). "Defensins and the convergent 
evolution of platypus and reptile venom genes." Genome Res 18(6): 986-994. 
Whittington, C. M., J. A. Sharp, et al. (2009). "No evidence of expression of two classes 
of natural antibiotics (cathelicidins and defensins) in a sample of platypus milk." 
Australian Journal of Zoology 57(4): 211-217. 
Chapter 6  References 
191 
 
Wickramasinghe, S., G. Rincon, et al. (2012). "Transcriptional profiling of bovine milk 
using RNA sequencing." BMC Genomics 13: 45. 
Williams, J. M. and C. W. Daniel (1983). "Mammary ductal elongation: differentiation 
of myoepithelium and basal lamina during branching morphogenesis." Dev Biol 97(2): 
274-290. 
Williams, R. E., M. P. Jevons, et al. (1959). "Nasal staphylococci and sepsis in hospital 
patients." Br Med J 2(5153): 658-662. 
Williamson, D. H. (1990). "The lactating mammary gland of the rat and the starved-
refed transition: a model system for the study of the temporal regulation of substrate 
utilization." Biochem Soc Trans 18(5): 853-856. 
Wilson, D. E. (2005). Mammal Species of the World: A Taxonomic and Geographic 
Reference, JHU Press. 
Winter, S. E., P. Thiennimitr, et al. (2010). "Gut inflammation provides a respiratory 
electron acceptor for Salmonella." Nature 467(7314): 426-429. 
Wolf, J. B. (2013). "Principles of transcriptome analysis and gene expression 
quantification: an RNA-seq tutorial." Mol Ecol Resour 13(4): 559-572. 
Wooding, F. (1980). "Lipid droplet secretion by the rabbit Harderian gland." Journal of 
ultrastructure research 71(1): 68-78. 
Xu, M., Y. Sugiura, et al. (2005). "IEC-6 intestinal cell death induced by bovine milk 
alpha-lactalbumin." Biosci Biotechnol Biochem 69(6): 1082-1089. 
Yart, L., V. Lollivier, et al. (2013). "Role of ovarian secretions in mammary gland 
development and function in ruminants." Animal: 1-14. 
Yolken, R. H., J. A. Peterson, et al. (1992). "Human milk mucin inhibits rotavirus 
replication and prevents experimental gastroenteritis." J Clin Invest 90(5): 1984-1991. 
Young, R. A. (2011). "Control of the embryonic stem cell state." Cell 144(6): 940-954. 
Zaiou, M. and R. L. Gallo (2002). "Cathelicidins, essential gene-encoded mammalian 
antibiotics." J Mol Med (Berl) 80(9): 549-561. 
Zanetti, M. (2004). "Cathelicidins, multifunctional peptides of the innate immunity." 
Journal of Leukocyte Biology 75(1): 39-48. 
Zanetti, M., R. Gennaro, et al. (1995). "Cathelicidins: a novel protein family with a 
common proregion and a variable C-terminal antimicrobial domain." FEBS Lett 374(1): 
1-5. 
Zhang, L., S. van Bree, et al. (1991). "Influence of breast feeding on the cytotoxic T cell 
allorepertoire in man." Transplantation 52(5): 914-916. 
Chapter 6  References 
192 
 
Zhao, H., T. X. Gan, et al. (2008). "Identification and characterization of novel reptile 
cathelicidins from elapid snakes." Peptides 29(10): 1685-1691. 
Zhou, L., Y. Yoshimura, et al. (2000). "Two independent pathways of maternal cell 
transmission to offspring: through placenta during pregnancy and by breast-feeding 
after birth." Immunology 101(4): 570-580. 
Zhou, Q., M. Li, et al. (2012). "Immune-related microRNAs are abundant in breast milk 
exosomes." Int J Biol Sci 8(1): 118-123. 
Zimecki, M. and M. L. Kruzel (2007). "Milk-derived proteins and peptides of potential 
therapeutic and nutritive value." J Exp Ther Oncol 6(2): 89-106. 
Zorina, V. N. and N. A. Zorin (2013). "[Protein components of innate immunity in 




























Annexure Table 1: Annotated genes showing very high expression in echidna milk 
cells as identified by RNA-seq 
Gene Annotation 
CSN2 Beta casein 
PAEP Progestogen-associated endometrial protein 
WAP Whey acidic protein 
PlatAMP Platypus Antimcrobial Protein 
LYZC Lysozyme 
PIP Prolactin- inducible protein 
CYB5A Cytochrome b5 type A 
LECT2 Leukocyte cell- derived chemotaxin 2 
LTF Lactotransferrin 
CSN3 Kappa casein 
EIF4EBP3 Eukaryotic translation initiation factor 4E binding protein 3 
PLAG Pleiomorphic adenoma gene 1 
RSP20 Ribosomal Protein S20 
TPT1 Tumor Protein, Translationally-Controlled 
ORMDL3 Orosomucoid like 3 
ox_plat1_2076 Oxford Ponting Group Platypus predictions gene id 
LAMTOR2 
Late Endosomal/ Lysosomal Adaptor And MAPK And MTOR Activator 
2 
RPS12 Ribosomal Protein S12 
TCEB1 Transcription elongation factor B (SIII), polypeptide 1 
RPS19 Ribosomal protein S19 
SPINK1 Serine protease inhibitor, kazal –type 1 
OVOS Ovostatin 
FTH1 Ferritin, heavy polypeptide 1 
SEPW1 Selenoprotein W, 1 
EEF1A1 eukaryotic translation elongation factor 1 alpha 1 
RPL7A Ribosomal protein L7a 
KCNN4 
Ootassium intermediate/small conductance calcium-activated channel, 
subfamily N, member 4 
RPL8 Ribosomal protein L8 
RPS5 Ribosomal protein S5 
WFDC2 WAP four-disulfide core domain 2 
CD36 CD36 molecule (thrombospondin receptor) 
RPS11 30S ribosomal protein S11 
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PSMB5 Proteasome (prosome, macropain) subunit, beta type, 5 
RPL37 60S ribosomal protein L37-A 
PHB2 Prohibitin-2 
UBA52 Ubiquitin A-52 residue ribosomal protein fusion product 1 
C22orf32 Chromosome 22 open reading frame 32 
RPS3A Ribosomal protein S3A 
ox_plat1_424262 Oxford Ponting Group Platypus predictions gene id 
RPL12 Ribosomal protein L12 
RPL13 Ribosomal protein L13A 
GMDS GDP-mannose 4, 6-dehydratase 
CLPB Chaperone protein clpB 
RPL13A Ribosomal protein L13A 
ATP6V0B ATPase, H+ transporting, lysosomal 21kDa, V0 subunit b 
EEF2 Eukaryotic translation elongation factor 2 
CIDEA 
Cell death-inducing DNA fragmentation factor, alpha subunit-like effector 
A 
RPL35A Ribosomal protein L35a 
RPS23 Ribosomal protein S23 
RPS25 Ribosomal protein S25 
PRDX4 Peroxiredoxin 4 
PIGR Polymeric immunoglobulin receptor 
RPL9 Ribosomal protein L9 
RPL21 50S ribosomal protein L21 
SLC25A6 
Solute carrier family 25 (mitochondrial carrier; adenine nucleotide 
translocator), member 6 
RPL11 Ribosomal protein L11 
RBX1 Ring-box 1 
CAPNS1 Calpain, small subunit 1 
RPL37A 60S ribosomal protein L37-A 
LPO Lactoperoxidase 
RPS21 Ribosomal protein S21 
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CD55 CD55 antigen 
ACSL1 Acyl-CoA synthetase long-chain family member 1 
CA2,CA3 Carbonic anhydrase 
PFDN5 Prefoldin subunit 5 
RPLP0 Ribosomal protein, large, P0 
SEC11C SEC11 homolog C (S. cerevisiae) 
PIN4 
Protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting, 4 
(parvulin) 
TMEM165 Steroid 5 alpha-reductase 3; transmembrane protein 165 
RPS24 Ribosomal protein S24 
RPL10A Ribosomal protein L10a; similar to ribosomal protein L10a 
TRIM29 Tripartite motif-containing 29 
GPX4 Glutathione peroxidase 4 
ATP5I ATP synthase, H+ transporting, mitochondrial F0 complex, subunit E 
RPL23A 60S ribosomal protein L23 
S100B S100 calcium binding protein B 
ELF5 E74-like factor 5 (ets domain transcription factor) 
EEF1B2 
Eukaryotic translation elongation factor 1 beta 2; eukaryotic translation 
elongation factor 1 beta 2-like 
RPL6 
Similar to tax-responsive element binding protein 107; ribosomal protein 
L6 
RHOA Ras homolog gene family, member A 
DNER Delta/notch-like EGF-related receptor 
RPL5 
Ribosomal protein L5; similar to 60S ribosomal protein L5; similar to 
ribosomal protein L5 
PDRG1 p53 and DNA-damage regulated 1 
EIF4EBP1 Eukaryotic translation initiation factor 4E binding protein 1 
RPL7 Ribosomal protein L7 
C11orf10 Chromosome 11 open reading frame 10 
RPS15 Ribosomal protein S15 
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ox_plat1_43664 Oxford Ponting Group Platypus predictions gene id 
 
 
 
 
